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Abstract 
Water and mineral homeostasis is essential for all lives. Organisms live in 
different habitats encounter different problems of water and mineral balance. 
Teleosts always face the problem of water and mineral balance. Maintaining a 
constant internal environment is important for their growth, reproduction and other 
physiological processes. In order to achieve this, several processes are in place such 
as the alteration of cellular compatible osmolytes, urine production as well as 
increase in NaVK'-ATPase (NKA) activities in the gill cells for the transport of salt 
in and out of the body. The mediators that regulate these physiological responses are 
partly provided by the endocrine system in which growth hormone (GH) and 
prolactin (PRL) are involved. 
Several studies reported that plasma GH level increased when the fish was 
transferred to a hyperosmotic environment while PRL level increased in a 
hypoosmotic environment. However, no study on the regulatory mechanisms of GH 
and PRL gene expression in response to salinity changes has been performed. In 
addition, the gene expression of the GH receptor (GHR) and PRL receptor (PRJLR) 
has not been reported so far in response to salinity changes. Understanding these 
regulatory aspects would give us more insight into how these animals adapt to 
environmental changes. 
The animal model used is the black seabream (Acanthopagrns schlegeli), which is 
commonly cultured in southern China and nearby regions. This fish species is 
particularly useful for this kind of osmoregulatory studies because of its ability to 
survive in a wide range of salinities. Gene expression levels of GHR and PRLR 
were studied in seabream osmoregulatory organs (gill, kidney and intestine) and the 
non-osmoregulatory organ, liver, after exposure to hypersaline water (HSW) and 
brackwish water (BW) for 6 h and 2 d. We found that the gene expression of GHR 
and PRLR as well as the NKA a-subunit and p-subunit was altered in the 
osmoregulatory and non-osmoregulatory organs. A primary culture system is 
employed in order to investigate the factors that were responsible for the alteration 
of gene expression. Primary cultures of seabream hepatocytes and gill filaments 
were treated with media of different osmolalities. The GHR gene expression was 
found to be downregulated in primary hepatocytes under hyperosmotic stress after 6 
h incubation, collaborating with the in vivo study. On the other hand, upregulation of 
PRLR gene expression was observed after 6 h treatment of the gill filaments in a 
high salt environment and this was also in line with the in vivo study. The alteration 
of the gene expression of GHR and PRLR led us to clone their promoter regions in 
order to study the transcriptional regulatory mechanisms. The 5'-flanking regions of 
the seabream GHR gene was firstly cloned and the 1468 base pair (bp) DNA 
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fragment was inserted upstream of a luciferase reporter. The promoter activity was 
studied in HepG2, a mammalian liver cell line and Hepa-T 1, a fish liver cell, in 
response to hyperosmotic stress. We found that the promoter activity was also 
attenuated in response to increasing extracellular osmolality. Three 5' deletion 
constructs were generated to identify the responsive elements in the GHR promoter 
region. It was found that the osmotic responsive element might be present at -900 
to -572 bp relative to the transcription start site. 
Further studies will be performed on the identification of osmotic responsive 
elements in the GHR and PRLR promoter regions as well as in the GH and PRL 
promoters. The aim is to study the coordinated gene expression of the GH/PRL 
system in response to salinity changes in vitro and in vivo in order to elucidate the 























®絲(gil l filament)的器官培養(organ culture) ,從而了解到GHR及PRLR的基因 
表現改變是因爲由於外細胞(extracellular)的滲透壓(osmolality)轉變“ 
爲了掌握轉調控因子，我們克隆 ( c l o n e )了黑銅G H R的5 '端控制區域 
(5’-flanking region),而i也證明了它具有轉錄活化(promoter activity)在哺乳類 
及魚類的肝臟細胞系(cell l ine)�我們還發現了它的轉錄活化也被外細胞的滲透 
壓影響，跟隨我們更把有關的特定序列區域找出。 
同樣的研究方法也會應用在GH, PRJL, PRLR的啓動子(pronioer)h從而去 
解講廣觀性魚類在不同盤度的適應過程及其調節機制(regulatory mechanism)� 
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Chapter I General introduction 
Chapter I General introduction 
Water is essential for all lives on Earth and water and mineral homeostasis is 
thus an important physiological aspect in living organisms. It is postulated that the 
early vertebrates emerged from freshwater and then migrated to the sea and land 
during their course of evolution (Bray, 1985). Terrestrial lives always face the 
problem of desiccation and they have a well-developed mechanism for maintaining 
constant blood and fluid balance. On the other hand, aquatic lives are always in 
contact with water and the threats of water balance depend on the external 
environment. The diversity of aquatic lives would thus provide us with a great 
opportunity to study the water and mineral balance in living organisms. 
1.1 Different fish habitats with various salinities 
In the world, nearly two-thirds of the area is covered with water. There are 
mainly two types of water in the world: one is seawater (SW), which has the 
osmolality of about 1000 mOsm/kg H2O and the other is freshwater (FW), which 
has the osmolality of less than 5 mOsm/kg H2O. The SW, which consists of mainly 
sodium ion (Na^) and chloride ion (CI"), refers to the ocean while the FW includes 
rivers and lakes. In addition, when the rivers enter the ocean, there is dilution of the 
NaCl concentration in the river mouth area and this results in the formation of 
brackish water (BW) with intermediate salinity. 
Different fish species live in various habitats. For example, salinity changes 
with latitudes. Salinities near the two poles are lower than that in lower latitudes 
because of the melting of the FW ice berg. Fish live in the deep ocean would not 
experience large fluctuation in salinity. On the other hand, fish that live in the river 
mouth would experience salinity changes during their daily lives. Furthermore, the 
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salinity also changes during intertidal cycle. High tide results in higher salinity while 
low tide gives lower salinity. Fish living near the coastal shore would thus face 
regular salinity changes. Nevertheless, the diadromous fish are fish that experience 
the greatest salinity challenges because they migrate between SW and FW for 
spawning during their lifecycles. Diadromous fish are further divided into two 
groups: the anadromous and catadromous fish. The anadromous fish such as salmon 
live in SW but they travel back to FW to spawn and the yearlings return back to SW 
for their normal lives. The catadromous fish such as eel live in FW but spawn in SW. 
1.2 Osmotic challenges faced by teleosts 
Since fish live in different environmental salinities, they face different 
problems of osmotic challenges. Teleost, the bony fish, is one of the largest groups 
of fish species. The marine teleost has a plasma osmolality of about 400 mOsm/kg 
H2O. On the other hand, the osmolality of SW is about 1000 mOsm/kg H2O. 
Therefore there will be a tendency for water to pass from the fish into the 
surrounding medium while the salts, especially Na' and CI" ions, have a tendency to 
pass in the opposite direction. The internal environment of the marine teleost is 
always hypoosmotic to the external environment and; therefore, active extrusion of 
the salts out of the fish body is necessary. For the FW teleost, as the plasma 
osmolality is hyperosmotic to the external environment, the teleost tends to gain 
water by diffusion through the body surface. Therefore, effective osmoregulation has 
to be achieved in both SW and FW teleosts. 
2 
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1.3 High ionic strength results in DNA damage and excess water gain 
As the intracellular solute composition is tightly regulated, change in 
extracellular osmolality would be deterious to the normal cell functions. As NaCl 
does not readily pass through the cell membrane, hypertonicity results in cell 
shrinkage due to water loss by osmosis, macromolecular crowding and elevation of 
intracellular electrolyte concentration (Kultz, 2004). Increase in NaCl causes 
deoxyribose nucleic acid (DNA) double-strand breaks and several signaling and 
adaptation mechanisms are triggered (Zhang et al” 2004). Decrease in extracellular 
osmolality results in excess water gain by the cells and this increases cell water 
content and leads to dilution of the cytoplasm content (Neuhofer el ciL, 2002). 
When there is an imbalance between the intracellular and extracellular 
osmolality, water usually moves across the cell membrane and this causes alteration ‘ 
of cell volume. The water movement across the cell membrane is regulated by 
specific water channel called the aquaporin (Verkman & Mitra, 2000). Several 
members of the aquaporin family has been discovered in fish, for example in eel 
(Cutler & Cramb, 2002) and seabream (Santos et al., 2004). The aquaporin was 
found to be expressed in the gill, intestine and kideny and the gene expression level 
was affected by SW exposure and Cortisol treatment (Martinez el al.�2005). In 
addition, the cells maintain constant cell volume by adjusting the intracellular 
compatible osmolytes that would not affect the normal cell functions. Three groups 
of osmolytes are used: polyalcohol such as sorbitol and inositol; methylamines such 
as glycerophosphorylcholine and betaine; amino acids and amino acid derivatives 
such as glycine, glutamine, glutamate, aspartate and taurine (reviewed in Lang et c//., 
1998). 
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1.4 Osmoregulatory organs and mechanisms for osmotic balance 
Several organs work together in teleost to carry out osmoregulation. They are 
the gill, intestine and kidney. In marine teleost, as there is excess water loss, the 
teleost has to drink a lot of SW to compensate for the water loss. It was found that 
the drinking rate of teleost was enhanced during higher salinity environment (Aoki 
et al., 2003). Nevertheless, SW contains a lot of salts, particularly Na" and Cl' ions, 
and active excretion of the ions is performed in the gill. One type of specialized cell, 
which is rich in mitochondria and contains high activity of Na7K丨-ATPase (NKA), 
is responsible for the active extrusion of the CI" ion. It is called the chloride cell 
(CC). There are two types of CCs, the SW-type and the FW-type. They could be 
identified based on different shapes, locations and responses to different ionic 
conditions. Apart from NKA, cystic fibrosis transmembrane conductance regulator 
(CFTR), Na'7KV2Cl' cotransporter (NKCC) and potassium (K+) channel are also 
found to be responsible for the excretion of salts. Two models have been suggested 
during SW and FW-adaptation for the CCs as described below (Evans et a/., 2005; 
Hirose et ai, 2003). 
Figure 1.1 illustrates the involvement of the gill CCs in ionic balance during 
higher osmotic environment. The apical area is exposed to the external environment 
and the CCs are extensively branched with tubular system of the basolateral 
membrane. The NKA (labelled as 3 in Figure 1.1) is concentrated in the basolateral 
membrane and helps to pump the Na— ions from the CCs into the lumen of the 
tubular system. This generates a large gradient for passive Na+ ions entry into the 
CCs and the CI" ions enter the CCs via the NKCC (labelled as 2 in Figure 1.1) with 
the Na' ions that move down its electrochemical gradient. However, the sodium 
pump extrudes the Na丨 ions back into the tubular system and a negative intracellular 
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potential is generated. The CI" ions do not stay in the CCs and pass out of the apical 
area through the CFTR (labelled as 1 in Figure 1.1). 
Na" J • Cr 
/mm,  
� _ sw 
UA 3Na-
Basolateral Apical 
Figure l.l Diagram illustrating the excretion of ions in CCs in SW fish. 
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c c m _ _ 
FW 
Basolateral Apical 
Figure 1.2 Diagram illustrating the ionic exchange mechanism in CCs in FW 
fish. 
Figure 1.2 shows the CCs components that are responsible for ions retention in 
FW fish. The V-H -ATPase (labelled as V in Figure 1.2) provides the electrical 
gradient to draw in Na丨 ions and the Na7H+ exchange (NHE) might also mediate 
Na‘ ions uptake. The Na+ ions enter into CCs through the epithelial Na' channel 
(labelled as ENaC in Figure 1.2) while the CI" ions enter through the C17HC(V 
exchanger (labelled as AE in Figure 1.2). The involvement of NHE and AE are 
coupled to the NKA at the basolateral membrane and leads to the exit of the Na 
ions and CI" ions out of the CCs. 
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As marine fish experience excess water loss, they have to drink a lot of SW. 
Absorption of water is mainly achieved in the intestine by means of the NKA and 
NKCC activities in the gut. The foremost part of the gut is impermeable to water but 
allows the passive diffusion of ions down the concentration gradients. Apart from 
this, active uptake of ions is also provided by the NKA and NKCC located in the 
basal membrane of the absorptive cells. As a result, water passing the gut becomes 
less concentrated. The posterior part of the intestine is permeable to water and water 
can be taken in. The active uptake of ions leads to the absorption of water via 
passive means, a process called the solute-linked water transport. About 60 - 80% of 
water drunk is absorbed by the intestine. In FW fish, the intestine also contains NKA, 
NHE and AE for ion uptake (Jobling, 1995). 
SW also contains some divalent ions such as magnesium (Mg^') ions and 
sulphate (S04^") ions. They are either excreted in faeces or in concentrated urine 
(Jobling, 1995). Teleosts possess the full component of nephron: glomerulus, 
proximal tubule, distal tubule and collecting duct. The proximal tubules absorb Mg^ ‘ 
ions, S04'' ions and urea from the peritubular medium and secrete macromolecules 
such as glucose and amino acids (Beyenbach, 2004). On the other hand, in FW fish, 
the proximal tubules secrete Mg:. ions; the distal tubule and the collecting tubule 
secrete Na' and CI" ions and facilitate water excretion. The SW teleosts excrete 
concentrated urine to reduce water loss while the FW teleosts produce dilute urine 
leading to high water loss. 
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1.5 Different tolerance to salinity changes 
Since teleosts carry out different osmoregulatory actions in various organs, 
some of them can withstand a wide range of salinity changes and they are called 
euryhaline animals. Some examples are salmon, eel, tilapia and seabream. On the 
other hand, those without the regulatory mechanisms and cannot tolerate salinity 
changes such as goldfish and catfish are called stenohaline animals. Most teleosts 
are stenohaline species that live exclusively in inland FW or in the sea and do not 
migrate between environments of different salinities. Nevertheless, some are 
euryhaline and live in estuaries with varying salinities or migrate between river and 
sea. As a result, euryhaline fish are frequently used to investigate the mechanism of 
salinity adaptation. 
Takei and Hirose (2002) suggested that during salinity changes there are two 
phases of effective ionic regulations. The increase or decrease in drinking rate as 
well as the activities of existing ionic and water transporters/channels in the 
osmoregulatory organs marks the immediate stage of osmoregulation. In the later 
stage, remodeling of osmoregulatory organs occurs. At the cellular level, FW-type 
CCs disappear, whereas SW-type CCs newly differentiate in the gills during SW 
adaptation. In the case of FW adaptation, the FW-type CCs become the dominant 
form. In the intestine, flattening of the epithelial cells and vascularization under the 
epithelia help facilitate absorption of water as well as some ions. New transporters 
and channels are produced due to increase in transcriptional and translational levels 
in various organs. 
8 
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1.6 Effective communication among osmoregulatory organs 
The integration of different physiological responses in various osmoregulatory 
organs during salinity changes is organized by the endocrine system. Several major 
endocrine systems are responsible for the co-ordinate work and they are the pituitary 
gland, renal gland, the renin-angiotensin system (RAS) and natriuretic peptides 
system. 
The pituitary gland forms an important link between the nervous system and 
the endocrine system. The anterior pituitary secretes growth hormone (GH), which is 
for SW-adaptation, and prolactin (PRL), which is for FW-adaptation. Arginine 
vasotocin is secreted from the posterior pituitary in response to a rise in plasma 
osmolality. In fish, Cortisol is the major corticosteroid released by the interrenal 
gland. The RAS is an enzyme-activated, peptide-mediated system while the 
angiotensin II (ANG II) is the most active component which is important for 
cardiovascular, blood volume homeostasis and hyperosmotic environment 
adaptation. The natriuretic peptide system consists of three types of hormones, atrial 
natriuretic peptide (ANP), ventricular natriuretic peptide (VNP) and C-type 
natriuretic peptide (CNP). ANP and VNP are for SW adaptation while CNP is for 
FW adaptation (Hazon & Raiment’ 1998). 
1.7 Introduction to GH and PRL 
GH and PRL are single chain proteins of about 190 - 200 amino acids. GH 
contains two disulphide bridges, one forming a loop close to the C terminus and one 
linking distant parts of the polypeptide chain. PRL has three disulphide bridges, two 
are similar to that in GH while the third forms a small loop near the N terminus 
(reviewed in Forsyth & Wallis, 2002). GH and PRL share many structural and 
9 
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biological features and are thought to arise from a common ancestral gene (reviewed 
in Goffin et al., 1996). The functions of GH and PRL are diverse. For example, GH 
can stimulate body and bone growth, regulate protein, carbohydrate and lipid 
metabolism and modulate reproductive and immune functions (reviewed in 
Corbacho et al., 2002). On the other hand, PRL can also regulate the immune system, 
growth, energy metabolism, reproduction and water balance (reviewed in Freeman 
et al., 2000). 
1.8 Structure of the GHR and PRLR 
GH and PRL bind to their respective receptors to exert their biological actions. 
The growth hormone receptor (GHR) and prolactin receptor (PRLR) belong to the 
large superfamily of class I cytokine receptors. They show a relatively low degree of 
overall sequence identity, but very similar tertiary structures in which two pairs of 
disulphide-linked cysteines in the N-terminal extracellular subdomain are involved 
in maintaining the structural and functional properties. The high affinity binding of 
the receptor to its ligand is due to the tryptophan-serine motif close to the 
transmembrane domain and receptor activation is attributed to receptor 
homodimerization. Firstly, a hormone molecule interacts with the binding site 1 on 
the extracellular domain of a receptor to form an inactive hormone-receptor complex. 
Afterwards, the complex binds to binding site 2 on the second receptor and triggers 
intracellular signaling, which involves the Janus kinase/signal transducer and 
10 
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activator of transcription (JAK/STAT) pathway (reviewed in Forsyth & Wallis’ 
2002). 
1.9 Hypoosmoregulatory action of GH/IGF-T axis in teleosts 
Injection of GH is known to increase the ability of teleosts to adapt to a higher 
salinity environment in salmonid species, tilapia, killifish and seabream. The 
capacity for hypoosmoregulation is characterized by decrease in plasma osmolality, 
as well as Na" and CI" ions. Treatment of GH in salmonid species increases the 
salinity tolerance, gill CCs proliferation, gill NKA activity and gill NKA a-subunit 
gene expression, and decreases the plasma osmolality (Madsen, 1990; McCormick, 
1996; Seidelin & Madsen, 1999). In tilapia, GH treatment improves SW adaptation 
(Shepherd et a!., 1997; Yada et al., 2002) while a similar effect is also observed in 
killifish (Mancera & McCormick, 1999). GH can enhance the NKA activity in the 
anterior region of the intestinal tract (Kelly et al.�1999). 
The action of GH involves the insulin-like growth factor-I (IGF-I) and Cortisol, 
which are synergistic. Injection of GH and Cortisol together would give a greater 
effect on the NKA activity and the NKCC activity in gill (Pelts & McCormick, 2001) 
while IGF-I and Cortisol treatment also enhance the enzyme activity as well as the 
NKA a-subunit gene expression level (Seidelin et cil.�1999). 
1.10 Hyperosmoregulatory action of PRL in teleosts 
The importance of PRL in lower salinity environment osmoregulation was 
demonstrated by Pickford and Phillips (1959) who showed that hypophysectomized 
killifish could only survive in FW if injected with PRL. PRL can increase the teleost 
plasma ion concentrations (Na' and CI" ions) as well as plasma osmolality, and 
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decrease the permeability of osmoregulatory organs to water (Young et al., 1988). 
As a result, the problem of excess ion loss and water influx during hypoosmotic 
environment is overcome. It was also found that the gill, intestine and kidney NKA 
activities were affected by treatment with PRL in brown trout, tilapia and seabream 
(Mancera et al., 2002; Sakamoto et al., 1996; Seidelin & Madsen, 1999). Pisam et a/. 
(1993) examined the effects of PRL on the two types of CCs in gill and found that 
PRL injection caused a decrease in the SW-type CCs cell size, but an increase in the 
FW-type CCs cell size. 
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Chapter II Research rationale 
The study of osmoregulation is of great importance since maintaining a 
constant internal environment is essential for lives. Disturbance of cellular 
composition is dangerous since other physiological aspects would also be affected 
and they are mentioned below. 
2.1 Physiological importance of osmoregulation in fish 
2.1.1 Energy metabolism 
Osmotic imbalance is one type of stresses experienced by fish and this requires 
reallocation of metabolic energy from the normal metabolic activities such as growth 
and reproduction, towards the osmoregulatory process (Wendelaar Bonga, 1997). It 
was found that the liver glycogenolytic and glycolytic potential was enhanced during 
salinity changes (Sangiao-Alvarellos et al., 2003) and the plasma glucose level was 
also altered (Vijayan ei cil.�1996). The oxygen consumption rate and the metabolic 
enzyme activities of the fish were also affected due to the increase in energy demand 
by NKA, NKCC and ion channels for efficient ion transport (Sardella et a/., 2004). 
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2.1.2 Growth 
Fish growth is different from that observed in birds and mammals because 
growth in fish is continuous. Fish become larger as they live and they are much more 
dependent on external environmental conditions such as temperature, light and 
salinity (Boeuf & Payan, 2001). In terms of energy consumption, several studies 
have demonstrated that the energetic cost of osmoregulation is the lowest in the 
isoosmotic condition where the osmotic gradient between the fish plasma and the 
external environment is minimal (Deane et a/., 2002; Vonck et ai, 1998). The 
increase in growth might be due to stimulation of food intake or food conversion 
efficiency. Therefore during osmotic challenges, less energy is available for the fish 
growth. 
2.1.3 Immunity 
Salinity change is one of the stresses experienced by fish and stress could result 
in immunosuppression due to the secretion of Cortisol. Nevertheless, Yada el al. 
(2001) observed higher lysozyme activity in the rainbow trout plasma when fish 
were exposed to higher salinity. They further discovered the superoxide anion 
amount was elevated during higher salinity exposure (Yada et al., 2002). Therefore, 
the non-specific immune functions could be stimulated during higher salinity 
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exposure, which might be due to the increase secretion of GH. 
2.1.4 Reproduction 
The life cycles of the diadromous fish involve migration between SW and FW 
for reproduction. Therefore, the secretion of the pituitary gonadotropins and 
production of sex hormones from gonads is closely related to the physiological 
responses to salinity changes (Onuma et al‘�2003). In addition, the sex hormones 
also affect the osmoregulatory ability of the fish since it was found that estradiol 
lowered the hypoosmoregulatory ability during higher salinity exposure by inhibiting 
the gill NKA activities (Vijayan et al., 2001). 
The work described in this thesis focuses on two pituitary hormones receptors, 
GHR and PRLR, since the two hormones mediate a variety of physiological 
functions in fish such as growth, energy metabolism and reproduction in various 
organs. 
2.2 Aquaculture importance 
Osmoregulation is a physiological process that requires a lot of energy and it is 
related to growth, immune function and reproduction of the teleosts. As mentioned 
above, growth in fish is preferred under isoosmotic condition. On the other hand, the 
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non-specific immune function is better during higher salinity exposure, which helps 
to improve the health of fish. The sex hormones secretion are affected by salinity and 
this would influence the proportion of male and female fish and this is also of 
importance to marine aquaculture. A thorough fish culture strategy has to be made 
based on a balanced consideration since our ultimate goal is to obtain the best growth 
in fish with the smallest investment. 
2.3 Unknown molecular regulatory mechanism of hormones during salinity changes 
in fish 
Salinity changes would trigger several physiological responses and one of these 
is the change in plasma levels of some hormones. The secretion as well as the gene 
expression pattern of these hormones in relation to salinity changes have been well 
studied and this will be mentioned in section 3.1. However, we have little 
information concerning the responses of the GHR and PRLR expression during 
salinity changes. Most importantly, the molecular regulatory mechanisms of the 
GH/GHR and PRL/PRLR gene expression in response to salinity changes are 
unknown. This thesis attempts to provide some information towards these unknown 
aspects of osmoregulation in fish. 
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2.4 Animal model 
The black seabream {Acanthopagrns schlegeli) is chosen as the animal model 
because of its euryhalinity (Deane et al.�2002; Kelly et al.，1999). Its living habitat is 
found to be the estuaries area, intertidal zone and the sea. Seabream is one kind of 
the marine teleosts that is of commercial importance in Asia (Sadovy & Cornish, 
2000) and in the Mediterranean Sea (Garcia-Pozo et al., 1998). Understanding of its 
osmoregulatory mechanisms will provide useful information in the aquaculture of 
this fish species. 
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Figure 2.1 The external morphology of the black seabream Acanthopagrns schlegeli. 
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Chapter III In vivo studies ofsbGHR and sbPRLR 
expression in osmoregulatory organs in response to 
salinity changes 
3.1 Introduction 
3.1.1 Dynamic change of GH level during salinity changes 
GH is the SW-adapting hormone and many studies showed that its secretion 
pattern depended on environment salinity changes. Initial studies were carried out on 
salmon and eel because they were the migratory fish and they always experience 
salinity challenges during their life cycles. The parr-smolt transformation 
(smoltification) of juvenile anadromous salmonids involves morphological, 
physiological and behavioral adaptations of the fish from a FW-adapted form to a 
SW-adapted form (Barron, 1986). In the mature male parr, one of the preparations for 
SW entry from FW is the increase in plasma GH level and it was found that the level 
increased five times more than in FW (Rydevik et al.�1990). The increase in plasma 
GH level was accompanied by elevation of the biosynthesis of the GH transcripts in 
the pituitary gland after SW exposure in juvenile salmonids (Yada et al, 1992). 
Afterwards, studies were carried out on other teleosts. Borski et al. (1994) 
discovered greater GH content in the pituitary in SW exposed tilapia than in FW 
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tilapia. In rainbow trout, after 1 day (d) exposure to SW from FW, increase in plasma 
GH was observed (Sakamoto and Hirano, 1991). In channel catfish, which is less 
euryhaline, transfer to a higher salinity also resulted in elevation of plasma GH as 
well as pituitary gene expression level (Drennon et al.�2003; Tand et a/., 2001). On 
the other hand, secretion of GH was decreased 6 hour (h) after transfer of tilapia to a 
lower salinity environment (Yada et a/., 1994). 
3.1.2 Dynamic change of PRL level during salinity changes 
PRL is known for FW-adaptation since pre-spawning salmon (returning salmon) 
returns to the FW to lay eggs and the mature chum salmon showed elevated pituitary 
PRL messenger ribose nucleic acid (mRNA) level in FW compared with that in SW 
(Taniyama et “/•, 1999). Upon SW exposure, the plasma PRL was decreased in 
juvenile salmonids (Yada et al., 1992). 
In tilapia, both the plasma PRL and pituitary PRL mRNA levels were the 
highest in FW while the levels decreased with increasing environmental salinity 
(Shepherd et a/., 1999). Upon exposure of the tilapia to higher salinity, the plasma 
level of PR.L was also decreased compared with the FW group (Ayson et al.�1993). 
In rainbow trout, the plasma PRL level was decreased when the fish was transferred 
from FW to SW after 1 d and the level was elevated again upon transfer back to FW 
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(Prunet et al., 1985). 
Mancera et al. (1993) discovered greater nuclear areas of the PRL cells in 
gilthead seabream pituitary after exposure to BW from SW, suggesting greater PRL 
synthesis and secretion during lower salinity exposure. 
3.1.3 In vitro studies of GH and PRL release from teleost pituitary in response to 
extracellular osmolality changes 
The release of GH and PRL was found to be a direct response to the change in 
extracellular osmolality since in vitro studies by incubating the teleost pituitaries 
with hyperosmotic and hypoosmotic medium were performed. Seale et al. (2002) 
demonstrated that the release of PRL from tilapia pituitaries incubated with 
hypoosmotic medium for 24 h was increased while the GH release was elevated after 
2 d incubation with hyperosmotic medium. The hormones released from the 
pituitaries were linked to the change in cell volume (Weber et a I., 2004). The 
increased secretion of PRL was not only at the protein level, but also at the 
transcription level (Uchida et al., 2004). Nevertheless, there was no report 
concerning whether the elevation of GH release under hyperosmotic medium was 
through transcriptional regulation. 
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In summary, it is generally observed that there is increase in GH level and 
decrease in PRL level when the fish is exposed to a higher osmotic external 
environment than its internal environment. On the other hand, exposure to a lower 
osmotic environment, the PRL level would increase while the GH level would 
decrease. 
3.1.4 Biological actions of GH and PRL through the GHR and PRLR 
GH and PRL secreted from the pituitary gland travel to their target organs and 
elicit their biological actions by binding to their respective receptor, GHR and PRLR. 
The cDNA sequences of GHR have been identified in several teleosts, for example, 
goldfish (Lee et al., 2001), seabream (Tse et a I., 2003), salmon (Fukada et al., 2004)， 
flounder (Nakao et cd., 2004) and tilapia (Kajimura et al., 2004) while the cDNA 
sequence of PRLR was also found in tilapia (Sandra et al.�1995), goldfish (Tse el al.� 
2000), rainbow trout (Prunet et a/., 2000), flounder (Higashimoto et al.�2001) and 
seabream (Santos et a I., 2001). 
Since the actions of GH and PRL are diverse, their receptors are also widely 
distributed. Several studies showed that the presence of GH binding in the 
osmoregulatory organs (Ng et al., 1993; Sakamoto & Hirano, 1991;Yao et al., 1991), 
in spite of highest GHR gene expression level in liver (Nakao et al., 2004; Tse et al.� 
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2003). Furthermore, there was also preferential expression of the PRLR mRNA in 
the osmoregulatory organs in tilapia (Sandra et al., 1995), founder (Higashimoto el 
al.，2001), suggesting that the role of PRL as an osmoregulatory hormone is through 
the PRLR. 
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3.2 Materials and methods 
Animal treatment 
Juvenile black seabream {Acarithopagnts schlegeli) were purchased from a local 
fish farm in Tolo Harbour (Hong Kong, China), weighing between 50 - lOOg. The 
seabream were kept in SW (35 ppt, 900 mOsm/kg H2O) for 24 h prior to salinity 
changes. Different salinity environments were prepared by dissolving the appropriate 
amount of commercial seasalt (Sear, Germany) with dechlorinated water to give 
hypersaline water (HSW; 55 ppt, 1384 - 1503 mOsm/kg H2O) and BW (12 ppt, 
266 — 300 mOsm/kg H2O). After that, the fish were directly transferred to SW 
(control group), HSW and BW for 6 h, 2 d and 7 d. Each group consisted of 5 - 6 
fish. 
Blood withdrawal and tissue collection 
After 6 h and 7 d exposure, blood was withdrawn from the caudal vein and 
centrifijged at 13,000 g for 30 s. Plasma was obtained and frozen in liquid nitrogen 
and kept at -80 "C until further analysis. Plasma osmolality was measured using a 
Viescor Vapor Pressure Osmometer 5520. 
After blood withdrawal, the fish were killed by decapitation. The gill, intestine 
and kidney tissues were frozen in liquid nitrogen until gene expression analysis later. 
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Reverse transcription polymerase chain reaction (RT-PCR) and gene expression 
analysis 
Total ribose nucleic acid (RNA) was extracted from the tissues using TriPure 
isolation reagent (Roche Applied Science, Basel, Switzerland). The RNA 
concentration was quantified spectrophotometrically at optical density (OD) 260 
while OD 280 was also measured for checking the RNA purity. RNA integrity was 
checked by analysing the RNA in formaldehyde gel to ensure no RNA degradation. 
An 1% formaldehyde gel was set by boiling 0.4 g of agarose in 35 ml distilled water 
and the mixture was then cooled, after which 4 ml 10 X MOPS and 720 pJ 
formaldehyde were added. 
The first strand cDNA was synthesized from 3 fdg of total RNA from the tissues, 
with Moloney murine leukemia virus reverse transcriptase RNAseH- (MMLV-RT, 
GeneSys Limited, England). RNA was first mixed with DNase and RNase free water 
(Invitrogen, USA) to reach a final volume of 17.5 jil. The mixtures were incubated at 
6 5 � C for 10 min followed by standing on ice for at least 2 min. Afterwards, 6 of 
5 X first strand buffer, 3 |il of DTT (0.1 M), 1 [i\ dNTP mix (10 mM), I of 
oligo(dT),6 (10 i^M), I |il of MMVL RT (250 U/|.il) and 0.5 of RNase inhibitor 
(Invitrogen, USA; 40 U/m.1) were added and then incubated at 3 7 � C for 90 min. The 
first strand cDNAs were stored at - 2 0 � C until further analysis. Polymerase chain 
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reaction (PCR) amplification of GHR, PRLR, NKA a-subunit and p-subunit genes 
was achieved by using gene specific primers that were designed from the nucleotide 
sequences of the cloned cDNA sequences. For normalization control of each RT-PCR, 
specific primers for seabream p-actin and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) were used. All primers were synthesized by Invitrogen 
(Hong Kong) and the sequences are shown in Table 1. 
Orientation 
Primer name (+，sense: Sequence 
Antisense) 
sbGHR-F2 + 5' - GCT GGATGA GCT GAATTT CAT 
sbGHR-R2 - 5，- TCC AGAAGG CAT GAC GTT GCT 
sbPRLR-Fl + 5’ - CAG CTG GAC ACA CTG CGG GAC A 
sbPRLR-Rl - 5' - AAC AGG AGT TGC TAG CTG CTG AC 
sbATPASE-a-F + 5’ - AAG GCT ATC CCT AAG GGG GTG GG 
sbATPASE-a-R - 5' - CAT GTC AGT TCC CAG GTC CAT AC 
sbATPASE-P-F + 5，一 TTC ATC GGG ACC ATC CAA GCC AT 
sbATPASE-p-R - 5’ — GCC GCC GAT ACC GTA TAC TTG AT 
sbActin-F + 5’ - ACC CAG ATC ATG TTC GAG ACC 
sbActin-R - 5’ 一 ATG AGG TAG TCT GTG AGG TCG 
sbGAPDH-F + 5' - GCC AAC GCT CAC ATC CAG G 
sbGAPDH-R - 5' - CAG GAG GCA TTG CTG ACG A  
Table 1 Primers sequences for gene expression studies in seabream 
25 
* • Chapter IH In vivo studies of sbGHR and sbPRLR expression 
PCRs (25 |Lil) containing 1.25 |il of first strand cDNA, 0.5 Taq DNA 
polymerase, 2.5 10 X reaction buffer, 0.5 |al dNTP mix (10 mM) and 0.5 |li1 of 
each primer (5 |_iM) were prepared and PCR amplification was performed on the 
Applied Biosystems GeneAmp PCR 9700 (Perkin-Emer, Foster city, CA). 
The reaction was performed with an initial denaturation at 94 ')C for 2 min, 
followed by 30 s at 94 30 s at 6 0 � C and 30 s at 72 °C. Preliminary PCR 
(validation) was performed using cDNA of the control experiment (SW group), to 
ensure the PCR cycle number fell into the linear amplification range. The SW group 
cDNA was used as template and amplified in different PCR cycle numbers: 12, 16, 
20, 24, 28, 32, 36 and 40. The cycle numbers for subsequent gene expression 
analysis was determined from the mid-point value of the linear region of the 
validation graphs. Validation tests were performed for each tissue and the respective 
time point, using the SW group cDNA as template. 
The PCR products were electrophoresized on 2% agarose gel stained with 
ethidium bromide. The PCR bands intensities were analysed by Multi-Analyst image 
analysis software (Bio-Rad, Hercules, CA, USA). 
26 
* • Chapter IH In vivo studies of sbGHR and sbPRLR expression 
Statistical analysis 
Significance of differences among groups was analyzed by one-way analysis of 
variance (ANOVA) followed by Tukey's test using the computer software PRJSM 
(GraphPad Software Inc., San Diego, USA). Differences were considered statistically 
significant at 0.05. 
27 
* • Chapter IH In vivo studies of sbGHR and sbPRLR expression 
3.3 Results 
Plasma osmolality change during salinity changes 
In vivo study was carried out by exposing the seabream into HSW and BW for 6 
h, 2 d and 7 d. No mortality in the experimental fish was observed during the 
experiment. Figure 3.1 shows the plasma osmolality after HSW and BW exposure 
during the experiment. After 6 h exposure in HSW, the plasma osmolality of 
seabream showed a significant increase (469.25 土 19.38 mOsm/kg H2O) compared 
with those exposed to SW (346.33 ±5.90 mOsm/kg H2O) and it remained elevated 
after 7 d (441.33 士 5.36 mOsm/kg H2O). The plasma osmolality of the control group 
which always stayed in SW during the 7 d experiment did not vary. During the 
experiment, the plasma osmolality of seabream exposed in BW did not show any 
significant change. 
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Figure 3.1 Plasma osmolality changes in seabream after HSW and BW exposure: a 
time-course study. 
Seabreams were cultured in SW (35 ppt). Fish were transferred to SW, HSW (55 ppt) 
and BW (12 ppt) for 6 h and 7 d. Blood was withdrawn from the caudal vein and 
centrifiiged at 13,000 g for 30 s. Plasma was obtained and frozen in liquid nitrogen 
and kept at - 8 0 � C until analysis. Plasma osmolality was measured by using Viescor 
Vapor Pressure Osmometer 5520. Results are 土 S.E.M., n = 3-5 for each group of 
treatment. *** P < 0.001 vs time 0. 
29 
* • Chapter IH In vivo studies of sbGHR and sbPRLR expression 
Validation of the PGR condition 
Figure 3.2 shows one of the validation tests of the P-actin, GAPDH, GHR, 
PRLR and the NKA a - and p-subunit genes. The template used was the gill cDNA of 
the SW group. The PGR cycle number used for subsequent gene expression analysis 
determined was: p-actin, 20; GAPDH, 24; GHR, 32; PRLR, 30; NKA a-subunit, 25 
and P-subunit, 24. 
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Figure 3.2 Validation of the gene expression analysis in gill. 
The gill cDNA of the SW group was used as template and amplified in different PCR 
cycle numbers. The PCR products were electrophoresized in 2% agarose gel and the 
band intensities were measured. The mid-point value of the linear range of the curve 
was used for the cycle number for subsequent gene expression analysis. 
Gene expression levels in gill, intestine and kidney after HSW exposure 
All the results from the RT-PCR using P-actin and GAPDH for normalization 
were similar. After 6 h in HSW, a downregulation of GHR gene expression was 
observed in the gill (72.71 土 8.28 % compared with the SW group). In contrast, an 
upregulation of the PRLR gene expression level was noted (177.32 土 26.67 %) while 
there was no significant change in the NKA a - and P-subunit gene expression level. 
Nevertheless, the GHR level was restored to a level similar to the SW group in the 2 
. d exposure while the PRLR level remained high (184.39 土 9.26 %). Moreover, the 
NKA a-subunit level started to increase but the P-subunit level remained unaltered. 
In the intestine, exposure to HSW for 6 h did not yield any change in the gene 
expression level of GHR, PRLR and the NKA P-subunit but a 50% induction was 
found for the NKA a-subunit. After 2 d, elevation of the NKA a-subunit level was 
still maintained and there was a higher GHR level as compared with the SW group 
(183.79 土 23.69 %). The PRLR and the NKA p-subunit level did not vary. 
In kidney, the GHR, PRLR and the NKA a-subunit levels did not change after 6 
h exposure despite a small increment in p-subunit level, although not statistically 
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significant. Nevertheless, a great induction was observed for PRLR (295.00 ±38 %) 
and the NKA a-subunit (469.87 土 88.22 %) after 2 d treatment while significant 
increase was also observed for GHR (149.16 土 42.55 %). The NKA P-subunit 
showed a small induction but not statistically significant. 
Gene expression levels in gill, intestine and kidney after BW exposure 
Exposure of seabream in BW for 6 h resulted in no significant change in the 
gene expression of GHR, PRLR, and the NKA a - and P-subunit in the gill but the 
PRLR and the NKA a-subunit showed induction after 2 d (174.59 士 24.52 % and 
175.29 士 11.08 % respectively). There was no observed alteration of the level of 
PRLR and the NKA P-subunit in the intestine during the experiment while the NKA 
a-subunit only showed induction after 2 d exposure (214.08 士 25.14 %). There 
seemed to be a trend of upregulation for the GHR, though statistically not significant. 
In the kidney, GHR and the NKA P-subunit showed 50% increase in expression 
levels after 6 h exposure while the NKA a-subunit level was also increased (140.91 
土 12.59 %). Their levels remained high after 2 d in which the NKA a-subunit 
continued to increase tremendously while the PRLR showed a 2-fold increase. 
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Figure 3.3 Gene expression levels of GHR, PRLR, NKA in seabream gill after 
exposure to water of different salinities. 
Seabreams were transferred from SW to SW, HSW and BW for 6 h and 2 d. RT-PCR 
was performed as described before. Results are normalized by the P-actin mRNA 
expression and represent the relative percentage change compared with the SW 
group. Data presented are mean values 土 S.E.M., n = 4 - 6 for each group of 
treatment. * P < 0.05 vs SW; ** I) < 0.01 vs SW; *** I) < 0.001 vs SW. 
33 
* • Chapter IH In vivo studies of sbGHR and sbPRLR expression 
GHR PRLR 
300-1 300-1 
G； G； 圓 BW 
I 200- T ± I 200- • • 
pki H 
囊警 Si ' a I 
“。—jj—二 i ^。—iJLJi—i 
6 h 2d 6 h 2d 
Na+/K+-ATPase a-subunit Na+/K"-ATPase p-subunit 
300-1 300n  
oT oT mmBW O) * *** O)  
i J J ... ^ ™sw 
I 200- I I n 7 I 200- ™ H S W 
1 • _ ; 
< 100- I _ • r h III < 100- ^ 
誓.Nil 1 1 . _ _ 
6h 2d 6 h 2d 
Figure 3.4 Gene expression levels of GHR, PRLR, NKA in seabream intestine after 
exposure to water of different salinities. 
Seabreams were transferred from SW to SW, HSW and BW for 6 h and 2 d. RT-PCR 
was performed as described before. Results are normalized by the P-actin mRNA 
expression and represent the relative percentage change compared with the SW 
group. Data presented are mean values 土 S.E.M, n = 3 - 6 for each group of 
treatment. * P < 0.05 vs SW; *** P < 0.001 vs SW. 
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Figure 3.5 Gene expression levels of GHR, PRLR, NKA in seabream kidney after 
exposure to water of different salinities. 
Seabreams were transferred from SW to SW, HSW and BW for 6 h and 2 d. RT-PCR 
was performed as described before. Results are normalized by the p-actin mRNA 
expression and represent the relative percentage change compared with the SW 
group. Data presented are mean values 土 S.E.M.，n = 4 - 6 for each group of 
treatment. * P < 0.05 vs SW; * * P < 0.01 vs SW; *** I) < 0.001 vs SW. 
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3.4 Discussion 
In these experiments, seabreams were exposed to SW, HSW and BW for 6 h, 2 
d and 7 d and there was no mortality during the exposure peroids. This species of fish 
has been proven to tolerate a wide range of salinity changes for several weeks and 
months (Deane et al., 2002; Kelly et al.’ 1999) in which the chronic effects of 
salinity challenges were studied while the acute responses were our main focus. 
3.4.1 Plasma osmolality change during salinity changes 
We found that exposure of the fish to HSW for 6 h increased the plasma 
osmolality significantly as compared with the SW group while the level remained 
elevated after 7 d transfer. Sangiao-Alvarellos et al. (2003) observed an about 5% 
difference in plasma osmolality between HSW- and BW-exposure seabream at 14 d. 
In our own results, there was about 40% difference between the two groups. The 
discrepancy between our results with their results might be due to the difference in 
exposure time since they measured the plasma osmolality after 14 d of exposure. 
Several physiological processes, for example enhanced NKA activity and CFTR 
activity might have been triggered to restore the hydromineral balance. In spite of 
this, Marshall et al. (1999) demonstrated an increase in the osmolality by 40% after 8 
h transfer of killifish to SW from FW and the level was sustained for 30 d. 
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Furthermore, a shorter period (4 h) was reported to be sufficient to result in a 30% 
increase in plasma osmolality during transfer of brown trout from FW to SW 
(Seidelin et al., 2000) and the effect lasted for 5 d. Our results also showed an 
elevated plasma osmolality for 7 d. Although we did not measure which components 
were increased in the plasma, it was commonly found to be the plasma Na' or CI" ion 
levels. Marshall et al. (1999) found that the Na— ion level was elevated 1 h after 
exposure and the maximum peak was 24 h while increase in plasma CI" ion 1 d after 
transfer to a higher osmotic environment was also observed in sea bass (Jensen et al.� 
1998). In addition, increase in plasma glucose content was also observed in several 
studies after HSW exposure (Nakano et al., 1998; Sangiao-Alvarellos et al., 2003) 
and the increase in glucose content might also contribute to the increase in plasma 
osmolality. 
On the other hand, exposure to BW did not cause any change in plasma 
osmolality during the experiment, which was also found to be the case by 
Sangiao-Alvarellos et al. (2003). Decreases in plasma osmolality, Na' and CI" ion 
levels were observed after exposure of the fish to FW environment, such as in tilapia 
(Lin et al., 2004) and killifish (Scott et al., 2004). From our results, the plasma 
osmolality of seabream was about 350 mOsm/kg H2O while the osmolality of BW 
was about 300 mOsm/kg H2O. The osmotic gradient between the internal and the 
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external environment was not great enough for excess ion diffusion. Therefore, we 
could hardly observe any change in the plasma osmolality during BW exposure. We 
speculate that transfer to FW, having an osmolality of less than 5 mOsm/kg H2O, 
would result in a drop in plasma osmolality. 
3.4.2 Gene expression after HSW exposure 
The PRLR gene expression level was increased in gill and kidney during the 
exposure process. Several studies were carried out to investigate the changes of 
PRLR levels during salinity changes (Auperin et al., 1995; Sandra et al., 2001; Weng 
et al., 1997). PRL binding was found to be increased in tilapia gill, intestine and 
kidney when the fish were transferred from FW to BW (Sandra et al., 2001). But 
these authors did not find any change in PRLR mRNA level in the gill, kidney and 
intestine during 15 d exposure in the higher salinity environment. In addition, 
transfer of tilapia to higher salinity caused increase in the number of PRLR as well as 
the specific binding (Auperin et al., 1995). Weng el al. (1997) also demonstrated that 
the tilapia PRLR was specifically located in the mitochondrial-rich cells in the gill 
and the protein level was higher in SW-adapted fish. Our findings further give 
information about the response of PRLR to salinity changes since the reported 
increases in PRL binding and the PRLR amount correlated well with our observed 
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elevation of gene expression during HSW exposure. Yada et al. (1994) observed a 
reduction in plasma PRL in tilapia when the fish was transferred to a higher salinity 
environment after 6 h. Auperin et al. (1995) proposed one possible explanation that 
PRL might itself be a regulator of the number of free PRLR. Another explanation 
suggested by Auperin et al. (1995) was that the high level of PRLR in higher salinity 
might be a means for adapting hydromineral balance quickly to a sudden drop in 
salinity. As PRL would be increased during exposure to a lower salinity environment, 
the readily high level of PRLR in the osmoregulatory organs would help the fish to 
adapt to the changing environment. This might be true since the living habitat of 
seabream was found to be the intertidal zone and the river mouth in which 
fluctuation of the salinity was common. Apart from this, induction of PRLR gene 
expression by GH was observed in rat by increasing the transcriptional activity of the 
PRLR gene promoter and the upregulation might involve the GH signaling cascade, 
JAK2/5 pathway (Friedrichsen et a/., 2001; Galsgaard et al., 1999). The upregulation 
of the PRLR gene expression level in gill, intestine and kidney demonstrated here 
might be due to increase secretion of GH after HSW exposure. 
We found that there was a downregulation of GHR gene expression level in gill 
after 6 h exposure to HSW while there was upregulation in intestine and kidney after 
2 d. The gene expression of GHR in response to salinity changes in osmoregulatory 
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organs has never been reported. It was only found that GH binding in rainbow trout 
liver was decreased after 1 d transferred to 80% SW from FW while there was no 
alteration in gill and kidney (Sakamoto & Hirano’ 1991). The regulation of GHR in 
response to salinity changes is still unknown. Madsen (1990) suggested that GH and 
Cortisol worked synergistically to facilitate ionic balance in SW-transferred trout parr 
and the plasma Cortisol level was also increased after higher salinity exposure 
(Wilson et al” 2002). Furthermore, the NKA activity in the gill was enhanced by 
Cortisol treatment through the upregulation of the corticosteroid receptor (CR) level 
in juvenile rainbow trout (Shrimpton & McCormick, 1999) and exposure to higher 
osmotic environment resulted in upregulation of glucocorticoid receptor in tilapia 
(Dean et al., 2003). Similar results were observed in intestine while Veillette and 
YoungX2005) demonstrated that Cortisol treatment in sockeye salmon could stimulate 
the NKA activity both in vivo and in vitro. Seidelin et al. (1999), on the other hand, 
could not observe any changes in the enzyme activity in brown trout kidney after 
Cortisol treatment. GH is well known for its SW-adapting property and Shrimpton et 
al. (1995) demonstrated an increase in CR level following GH treatment. On the 
contrary, Cortisol stimulated the secretion of GH release from the tilapia pituitary in 
vitro and inhibited the release of PRL (Uchida et a/., 2004). Therefore, we suggested 
that GH and Cortisol interacted with each other and affected the expression level of 
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their receptors in different organs. In ovine, Cortisol stimulated the GHR gene 
expression in liver (Li et al., 1999) as well as in primary salmon hepatocytes (Pierce 
et al., 2005). However, in bovine, treatment of dexamethasone resulted in 
downregulation of the hepatic GHR mRNA level (Hammon et al.�2003). 
Furthermore, Cortisol would affect the expression levels of several genes. Martinez el 
al. (2005) showed an upregulation of aquaporin-l isoform in FW-eel intestine after 
Cortisol treatment and SW-exposure. Cortisol was found to exert transcriptional 
regulation by binding to the hormone-bound glucocorticoid receptor dimer 
glucocorticoid response elements (GREs) in the regulatory regions of target gene 
promoters (review in Schoneveld et a/., 2004). In mammals, the NKA a-subunit and 
P-subunit gene expressions were regulated by corticosteroid (Derfoul et al” 2000; 
Kolla & Litwack, 2000) and mineralocorticoid/glucocorticoid response element was 
identified in the human NKA a-subunit gene promoter (Kolla et al., 1999). Recently, 
different classes of CR were cloned from cichild fish and rainbow trout while Cortisol 
was found to be the major ligand (Bury et al., 2003; Greenwood e( a I., 2003). It is 
unknown whether the gene expression levels of GHR, PRLR and NKA in teleost 
were also under Cortisol regulation and there was no G R E identified in teleost gene 
promoter so far. In mammalian gene promoters, osmotic response element (ORE) is 
found to be responsible for the transcriptional regulation of several genes that cope 
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with hyperosmotic stress. Some of the characterized genes were aldose reductase 
(Reupp et al., 1996), NaVmyo-inositol cotransporter (Zhou & Cammarata, 1999) and 
betaine transporter (Miyakawa et al, 1999). Recently, two transcription factors were 
identified from tilapia gill by exposure of the tilapia to hypersalinity (Fiol & Kultz， 
2005). Whether these factors are responsible for the regulation of gene expression 
during salinity changes are still unknown. Thus, further studies should be performed 
on the identification and characterization of the GHR and PRLR promoter. Although 
many studies are carried out on mammalian GHR and PRLR promoters, no studies 
have been carried out on the responses to osmotic stress and the discovery of ORE 
has yet to be made in teleosts. It would be very interesting to find out whether similar 
ORE or other regulatory elements exist in the fish gene promoters. 
Many studies showed that HSW exposure increased NKA gene expression level 
in gill (Deane & Woo, 2004; Scott et al., 2004; Tipsmark et al., 2002). SW exposure 
of FW-trout increased the intestinal NKA activity and gene expression (Seidelin et al.’ 
2000) while in seabream kidney, Deane and Woo (2004) reported there was no 
alteration in the NKA a-subunit gene expression after HSW exposure but an increase 
in the (3-subunit level instead. From our work, increase in the gene expression level 
of NKA a-subunit was observed in gill, intestine and kidney after 2 d exposure in 
which the greatest increase was noted in the kidney. We observed similar results in 
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the gill and intestine but we could not detect any changes in the NKA p-subunit level 
after HSW exposure. The reason for the discrepancy in kidney expression might be 
due to different exposure time since the exposure time in Deane and Woo (2004) was 
4 weeks while ours was 2 d only. The upregulation of the NKA a-subunit transcript 
in the acute period (2 d) was in agreement with the observed enhancement of enzyme 
activity after 4 weeks exposure (Deane & Woo, 2004). Furthermore, we only 
measured the mRNA transcripts but without detection of the protein level. Since the 
levels of the protein expressions of the NKA a - and P-subunits were reported to be 
altered during salinity changes (Deane & Woo, 2004; McCormick et al, 2003), the 
increase in translational level might be enough for the elevation of the NKA activity 
without any alteration of the transcriptional level. 
3.4.3 Ionic mediators of the gene expression 
The factor that is responsible for the alteration of GHR, PRLR and NKA might 
be due to the change in plasma ions concentration. Recently, a calcium-sensing 
receptor has been characterized in tilapia and its expression in kidney and intestine 
was salinity-dependent (Loretz et a/., 2004) while it was found that the activation of 
PRL release from the pituitary involved a rise in intracellular calcium ion level 
(Scale et al., 2003). In mammals, it was reported that the CI" ion was the major 
43 
* • Chapter IH In vivo studies of sbGHR and sbPRLR expression 
effector (Capasso et al” 2003). Apart from this, we could not rule out the possibility 
that the increase in urea, trimethylamine oxide (TMAO) and other compatible 
osmolytes would also affect the gene expression during osmotic stress (Larsen & 
Schlenk, 2001). One possible approach to study this is to employ primary culture of 
the gill (Zhou et cil.�2004), intestine (Veillette & Young, 2005) and kideny (Yada et 
al., 2002) in which this would allow us to investigate the effect of one single factor 
such as NaCl, urea, sucrose or other osmolytes at a time. 
3.4.4 Gene expression after BW exposure 
There is very little information about PRLR expression level as well as GHR 
level during exposure of the teleost to a lower salinity environment. Nevertheless, 
Kultz et al: (2001) reported an increase of 14-3-3.a mRNA level in killifish gill after 
transfer from SW to FW. Deane and Woo (2004) demonstrated a decrease in the 
NKA a - and P-subunit gene level in the gill compared with the SW after 4 weeks 
exposure to lower salinity. In the kidney, there was a downregulation of the NKA 
P-subunit transcript. Their results also contrast with our findings since we could 
observe upregulation of the a-subunit in the gill, intestine and kidney during a 
short-term exposure. 
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3.4.5 Dynamic changes of the GHR and PRLR in response to salinity changes 
The physiological significance of the regulation of the GHR and PRLR during 
salinity change is unknown. However, we propose that there is a balance between the 
two pituitary hormones that have opposite effect during HSW and BW exposure. 
After HSW exposure, there is excess water loss and this stimulates the secretion of 
GH from the pituitary immediately. The GH could stimulate the NKA activity or its 
gene expression in some of the osmoregulatory organs by working with Cortisol and 
IGF-I. On the other hand, the secretion of PRL is reduced. However, the action of 
PRL was not only for ion retaining, but also reproduction, immune function. In order 
to achieve these other actions, increase in PRLR or its gene expression is necessary. 
When the exposure time in HSW is prolonged to 2 d, excess water loss continues to 
occur and the increase in GH secretion might not be enough to achieve the elevated 
NKA activity. In order to amplify the action of GH, GHR expression has to be 
increased and this explains the observed great induction of the NKA a-subunit gene 
expression level in the osmoregulatory organs. 
In BW, there is ion loss and decrease in plasma osmolality occurs. Nevertheless, 
we could not observe any change in plasma osmolality from our results despite the 
small ionic gradient between the internal and external environment. This might be 
due to the immediate enhancement of the NKA activity and upregulation of the gene 
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expression of the NKA a-subunit in the kidney as well as the PRLR gene expression 
in the gill that was enough to restore the hydromineral balance. GH might be 
decreased during BW transfer. But GH also mediates other physiological processes 
such as energy metabolism. Thus, GHR gene expression was increased to enhance 
the responsiveness to GH. A longer exposure time (2 d) in BW leads to greater ions 
loss. As a result, an upregulation of PRLR level in osmoregulatory organs was 
observed while the NKA a-subunit level showed much greater induction and the 
tremendous increase in kidney might be responsible for the constant plasma 
osmolality. From our results, it seems that kidney and gill play a more important role 
in osmoregulation than intestine in terms of the gene expression level. 
3.4.6 Regulation of the gene expression in response to salinity changes 
There was inhibition of GHR in gill while there was upregulation in intestine 
and kidney during HSW exposure. One possible regulatory mechanism is alternative 
splicing, which is a common phenomenon for the GHR, and different 5'-untranslated 
regions (5'-UTR) have been identified. Goodyer et al. (2001) mapped 9 variants of 
the 5'-UTR sequences within 40 kilo base pair (bp) of the human GHR gene. Jiang 
and Lucy (2001) identified 6 additional variants in bovine. Moreover, 5 was found in 
murine (Menon e! a/., 2001) while in fish, 2 variants of GHR were found 
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(Calduch-Giner et al., 2000) so far. These 5'-UTR variants have different expression 
levels in different tissues and it was found that they also have different promoter 
sequences and many studies showed that various transcription factors mediated the 
gene expression levels of the variants (Jiang et al., 1999; Schwartzbauer et cil.�1998; 
Yu et al., 1999). Therefore, the different expression patterns of the GHR among gill, 
kidney and intestine might be due to preferential expression of different GHR 
variants that are generated from different promoter usages and transcriptional 
regulation. Since our primers used in the RT-PCR were designed on the coding 
region, further work can be carried out on the identification of 5'-UTR variants and 
promoter regions of GHR. 
Induction of PRLR level was observed both in HSW and BW. Exposure of 
seabream to BW for 2 d resulted in upregulation of the PRLR in the gill as well as in 
the kidney and the expression pattern was similar to that of the NKA a-subunit in the 
osmoregulatory organs resembling a 'U' shape. This salinity dependence was first 
demonstrated by Jensen et al. (1998) by studying the sea bass gill NKA activity and 
this pattern was different from the general studies using diadromid fish such as the 
European eel, medaka and Atlantic salmon in which the NKA is positively correlated 
with increasing salinity (Sakamoto et al., 2001). This 'U' shape implies that the gene 
expression of PRLR and the NKA a-subunit are regulated via the presence of the 
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osmotic gradient between the environmental salinity and blood (Deane & Woo, 
2004). However, Deane and Woo (2004) observed the 'U' shape after 4 weeks of 
exposure and the BW condition was isoosmotic to the plasma of the teleosts. The 
energy consumption was the lowest under this condition so that the spared energy 
could be used for growth and this might be true for the fish in long term exposure 
(several months). From our work, we could also demonstrate a ‘U’ shape in 2 d 
comparing the HSW and BW with the SW group. As the natural habitat of seabream 
is SW and we were exposing them into different osmotic environments that were not 
its usual habitat, and the environmental salinity is also slightly hypoosmotic to its 
plasma osmolality. 
The above studies gave us information that the gene expression levels of the 
GHR and PRLR in different osmoregulatory organs are physiologically regulated in 
fish. Nevertheless, in vivo studies could only give us a general picture of the 
responses of the receptors to salinity changes and this paves the path for our work in 
the characterization of the regulatory mechanisms during salinity changes in teleosts. 
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Chapter IV Gene expression of sbGHR in liver 
during salinity changes 
4.1 Introduction 
Previously, we have investigated the gene expression levels of GHR in different 
osmoregulatory organs in black seabream and we found that the GHR gene 
expression level was physiologically regulated in response to salinity changes. Apart 
from osmoregulatory role, GH is also very important for the growth of teleosts and 
the liver is an important organ for fish growth. This led us to investigate the gene 
expression of GHR in the seabream liver during salinity changes. 
4.1.1 Responses of the somatotropic axis to salinity changes in fish 
Several studies showed that the somatotropic axis in teleosts is affected by 
salinity changes (Deane & Woo, 2005; Johnson et al” 2003; Shepherd et cil., 2005) 
and the growth rates of teleosts vary in different salinity environments (Boeuf & 
Payan, 2001). 
Liver is a major organ for energy metabolism. Several in vivo studies have 
measured metabolic changes occurring in the liver during salinity changes. There 
were a number of studies using primary fish liver cells in studying osmoregulation 
and they were mainly focused on the metabolic responses. Kmmschnabel et al. (2003) 
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investigated the energy balance by measuring the oxygen consumption and glucose 
production rates of trout hepatocytes treated with hyper- and hypoosmotic medium. 
In addition, Hallgren et al. (2003) also demonstrated an upregulation of glycogen 
phosphorylase activity in catfish primary hepatocytes under hyperosmotic stress. 
Apart from the metabolic aspects, we have no information about the gene expression 
levels in primary hepatocytes in response to extracellular osmolality changes. 
4.1.2 Role of liver IGF-I in fish growth 
GH is secreted from the anterior pituitary gland and then binds to the GHR in 
the liver, triggering the production of IGF-I. The liver IGF-I is one of the factors for 
somatic growth (reviewed in Le Roith et al., 2001). 
The secretion of GH is increased during higher salinity exposure, both at protein 
and gene expression level (Borski et a/., 1994; Drennon et al., 2003; Rydevik et d.� 
1990; Sakamoto & Hirano, 1991; Tang et al.，2001; Yada el al., 1992). Interestingly, 
stunted growth was observed in juvenile coho salmon during hyperosmolar exposure 
with high circulating plasma GH level but with low hepatic IGF-I mRNA level 
(Duan et al., 1995). The molecular mechanism of this retarded growth in teleost is 
largely unknown but there is speculation that it involves the participation of GHR 
since GH binding in the rainbow trout liver was decreased when the fish was 
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transferred to 80% SW from FW (Sakamoto & Hirano, 1991). Therefore, gene 
expression studies on the GHR in the liver might give us some insights into this 
stunted growth phenomenon. 
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4.2 Materials and methods 
Animal treatment 
Juvenile black seabreams (Acanthopagrns schlegeli) were purchased from a 
local fish farm in Tolo Harbour (Hong Kong, China), weighing between 50 - lOOg. 
The fish were kept in SW (35 ppt, 900 mOsm/kg H2O) for 24 h prior to salinity 
changes. HSW (55 ppt, 1384 — 1503 mOsm/kg H2O) and BW (12 ppt, 266 - 300 
mOsm/kg H2O) were prepared by dissolving the appropriate amount of commercial 
seasalt (Sear, Germany) with dechlorinated water. After that, the fish were directly 
transferred to SW (control group), HSW and BW for 6 h, 2 d. Each treatment group 
consisted of 6 fish. 
Primary culture of seabream hepatocytes 
The liver was removed from the juvenile black seabream, fat completely 
removed and then rinsed with phosphate buffer saline (PBS) once. Afterwards, the 
liver was wash three times with magnesium and calcium free Hank's buffered saline 
solution (HBSS; 138 mM NaCl, 4 mM NaHCCh, 0.44 mM KH2PO4, 0.3 mM 
Na2HP04-2H20, 5.33 mM KCl, 20 mM HEPES, 0.1% glucose), pH 7.4, 
supplemented with antibiotics (Invitrogen, Carlsbad, CA, USA; 100 U/ml penicillin 
and 100 |_ig/ml streptomycin). The liver was then chopped fine into small fragments 
(< 3 mm) and then resuspended in 50 ml HBSS solution containing collagenase 
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(Invitrogen, Carlsbad, CA, USA; 0.5 mg/ml), DNase I (Invitrogen, Carlsbad, CA, 
USA; 0.1 mg/ml) and trypsin (Invitrogen, Carlsbad, CA, USA; 0.5 mg/ml). The 50 
ml cell suspension was divided into four tubes and then incubated at 2 8 � C for at 
least 1 h with occasional shaking to facilitate isolation. The suspension was then 
filtered through coarse (100 /i m) and fine (50 jU m) nylon sieve. The filtered 
suspension was first centrifuged at 70 g for 5 min, followed by centrifugation at 50 
and 30 g for further sedimentation. Cells were then resuspended in the culture 
medium. Ml99 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal 
bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) and antibiotics, counted and 
assessed for viability by trypan blue exclusion. The hepatocytes were seeded at a 
density of 6 x 10"^  per well on a 24-well culture plate coated with poly(D-lysine) 
(Sigma, USA). Hepatocytes were maintained at 28 °C without CO2 and allowed to 
attach for 48 h. Then the medium was replaced and supplemented with culture 
medium with addition of different concentrations of osmolytes. After incubation for 
6 h at 28 '�C, cells were harvested for RNA extraction. 
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MTT assay of the hepatocyte viability 
The seabream hepatocytes were seeded onto 96-well plate in culture medium 
with 10% FBS and antibiotics at density of 6 x 10^  24 h prior to incubation of 
different osmolytes. The hepatocytes were incubated with increasing concentrations 
of NaCl and sucrose Ml99 medium for 6 h. Afterwards, the cells were washed with 
PBS once and then 50 MTT reagent (5 mg/ml) was added into each well and then 
incubated at 2 8 � C for 2 h. The solution was then removed and the 200 |_il DMSO 
was added per well and a further 2 h incubation at 2 8 � C was performed. Finally, the 
absorbance was read at OD 540 on a Microplate Manager 4.0 (Bio-Rad Laboratories, 
Inc.). 
RT-PCR and gene expression analysis 
Total RNA was extracted from the tissues and the primary hepatocytes using 
TriPure isolation reagent (Roche Applied Science, Basel, Switzerland). The RNA 
concentration was quantified spectrophotometrically at OD 260 while OD 280 was 
also measured for checking the RNA purity. RNA integrity was checked by analysing 
the RNA on a formaldehyde gel to ensure no RNA degradation. The first strand 
cDNA synthesis and RT-PCR method was the same as described in section 3.2. 
PCR amplification of GHR and IGF-I for the in vivo studies was performed by 
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using gene specific primers of the following sequences (sbGHR-F2: 5，- GCT GGA 
TGA GCT GAA TTT CAT -3’，sbGHR-R2: 5' - TCC AGA AGG CAT GAC GTT 
GCT — 3'; sblGF-I-F: 5’ - AGT GCG ATG TGC TGT ATC -3’，sblGF-l-R: 5’ -
CAG CTC ACA GCT TTG GAA -3 ' ) . For normalization of each RT-PCR, specific 
primers for seabream P-actin were used. All primers were synthesized by Invitrogen 
(Hong Kong). The PCR condition was the same as described in section 3.2. 
Preliminary PCR was performed using cDNA of the control experiment (SW group) 
for the in vivo studies; while for the in vitro studies, the sample without any treatment 
of osmolytes was used. 
The PCR products were electrophoresized on 2% agarose gel stained with 
ethidium bromide. The PCR bands intensities were analysed by the Multi-Analyst 
image analysis software (Bio-Rad, Hercules, CA, USA). 
Statistical analysis 
Significance of differences among groups was analyzed by one-way analysis of 
variance (ANOVA) followed by Tukey's test using the computer software PRISM 
(GraphPad Software Inc., San Diego, USA). Differences were considered statistically 
significant at P < 0.05. 
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4.3 Results 
Inhibition of gene expression in seabream liver after exposure to HSW 
In vivo study was carried out by exposing the seabream into HSW (55 ppt) and 
BW (12 ppt) for 6 h, 2 d. There was inhibition of GHR gene expression (57.42 土 4.58 
% as compared with the SW group) in the liver after 6 h exposure to HSW but the 
expression level remained the same as compared with the SW group after 2 d 
treatment. The IGF-I gene expression also showed reduction (42.07 土 9.98 %), 
collaborating with the downregulation of GHR gene expression in 6 h while there 
was no significant difference in 2 d. On the other hand, there was no significant 
change of the GHR and IGF-I gene expression level during BW exposure. 
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Figure 4.1 In vivo GHR/IGF-I gene expressions in seabream liver after exposure to 
water of different salinites. 
Seabreams were transferred from SW to SW, HSW and BW for 6 h and 2 d. RT-PCR 
was performed as described before. Results are normalized by the {3-actin mRNA 
expression and represent the relative percentage change compared with the SW 
group. Data presented are mean values 土 S.E.M., n = 6 for each group of treatment. 
** I) < 0.01 vs SW; •** P < 0.001 vs SW. 
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Downregulation of GHR gene expression in primary hepatocytes by increasing 
extracellular osmolality 
The inhibition of GHR gene expression from the in vivo studies was 
demonstrated in vitro by using primary culture of the seabream hepatocytes in order 
to find out which osmolyte(s) was(were) responsible for the osmotic response. 
When the hepatocytes were exposed to a medium with additional 50 mM NaCl 
for 6 h, the gene expression of GHR showed no difference from the control which 
represented the normal culture medium. When the concentration of NaCl was further 
increased to 100 mM and 150 mM, reduction of the GHR gene expression was 
observed (47.99 土 10.41 % and 15.16 土 8.87 % as compared with the control). 
Addition of 100 mM NaCl raised the medium osmolality to about 500 mOsm/kg H2O 
which reflected the physiological change in plasma osmolality when the seabream 
were exposed to HSW (Figure 3.1). 
We also measured the GHR gene expression in hepatocytes by exposing the 
cells to sucrose which was impermeable to the cell membrane. From Figure 4.2, the 
GHR gene expression was also decreased (150 mM, 32.38 土 4.75 %; 200 mM, 11.87 
土 0.95 %; 250 mM, 10.16 土 2.25 %) from 150 mM sucrose onwards. The medium 
osmolality was increased to 500 mOsm/kg H2O when 200 mM sucrose was added 
and MTT assay also showed that the cell viability was above 90%, indicating this 
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decrease in gene expression could not be explained by extensive cell death. 
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Figure 4.2 GHR gene expression in primary seabream hepatocytes exposed to 
different osmolytes. 
GHR gene expression in primary seabream hepatocytes exposed to increasing 
concentration of A) NaCl and B) sucrose C) MTT assay of the primary seabream 
hepatoyctes exposed to various concentration of NaCl and sucrose. Seabream 
hepatocytes were treated with different concentration of NaCl and sucrose for 6 h. 
RT-PCR was performed as described before. Results are normalized by the p-actin 
mRNA level, expressed as relative percentage change compared with the control 
without addition of osmolytes (n = 6 wells per treatment) and represents 士 S.D. from 
two independent sets of experiments. * P < 0.05 vs control; ** P < 0.01 vs control; 
*** P < 0.001 vs control. 
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4.4 Discussion 
4.4.1 Inhibition of GHR and IGF-I gene expression in liver during HSW exposure 
We found that the GHR gene expression responded to changes in salinities in 
liver and this has never been reported previously. From Figure 4.1, 6 h exposure of 
seabream to HSW resulted in a reduction in GHR gene expression in the liver (57.42 
土 4.58 % as compared with the SW group). This immediate downregulation of the 
GHR gene expression was also consistent with the inhibition of IGF-I gene 
expression ( 4 2 . 0 7 土 9 . 9 8� / � ) • Nevertheless, we could not observe any alteration in 
gene expression after 2 d exposure as well as in BW. Sakamoto and Hirano (1991) 
reported that the GH binding in rainbow trout liver was decreased 1 d after 
transferred to 80% SW from FW. Later, they reported that there was no significant 
change in the rainbow trout liver IGF-I mRNA level after SW transferred from FW. 
Their results were partly in agreement with us since the inhibition of GHR gene 
expression in liver might lead to reduction of GH binding and resulted in reduction in 
hepatic IGF-l release. Furthermore, Sohm et al (1998) observed a 4-fold increase in 
growth hormone-binding protein (GHBP) in salmonids plasma 48 h after transferred 
from FW to SW. The GHBP was a cleavage product of the GHR or a splice variant of 
the GHR gene (Baumann, 2002) and the decrease in GHR might give rise to the 
elevation of plasma GHBP. Apart from these, the IGF-I mRNA level was 
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downregulated in silver seabream after exposure to HSW for 8 months while the 
level was increased in BW (Deane et al, 2002). The chronic effect of HSW exposure 
resulted an inhibition of IGF-I which correlated with our acute exposure (6 h) results. 
In contrast to the findings in seabream, Inoue et al. (2003) found that exposure of the 
four-spine sculpin Coitus kazika to SW for 44 d resulted in a higher hepatic IGF-I 
mRNA level than the FW group. This result appeared to contradict most findings but 
there might be species specific responses to salinity changes since the rainbow trout, 
salmon and seabream were proved to be truely euryhaline teleosts. Other studies 
were also carried out to investigate the gene expression levels other than the GH-IGF 
axis in teleost liver during salinity changes. Deane and Woo (2004) reported an 
upregulation of mRNA level of the heat shock protein 70 (HSP70) when the silver 
seabream was exposed to HSW for 1 month and this alteration in HSP expression 
implied cytoprotection mechanism occurring in the liver. Flavin-containing 
monooxygenase was an enzyme for the formation of osmolyte TMAO; Larsen and 
Schlenk (2001) found that there was no change in protein level of this enzyme in the 
rainbow trout liver after exposed to a higher salinity but there was upregulation of its 
protein expression and activity in the gill, intestine and kidney. 
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4.4.2 Downregulation of GHR gene expression by hyperosmotic stress 
The reduction of the GHR and IGF-I gene expression was accompanied by an 
increase in plasma osmolality. Previous studies found that the increase in osmolality 
was attributed to the increase in Na+ and CI" ions during higher salinity exposure 
(Jensen et al., 1998; Marshall et a/., 1999; Sangiao-Alvarellos et a/., 2003). As a 
result, we tried to demonstrate this phenomenon by using a primary hepatocyte : 
culture in which different osmolytes such as sucrose and NaCl were used to treat the 
liver cells in order to find out which osmolyte(s) was(were) responsible for the 
osmotic response. 
After 6 h incubation of the primary hepatocytes with NaCl and sucrose, a 
downregulation of the GHR gene expression was observed which correlating with 
our in vivo studies. Our studies showed that the GHR gene expression responded to 
changes in extracellular osmolality. Since sucrose is impermeable to the cell 
membrane, a transmembrane osmotic gradient is required for the reduction of GHR 
gene expression and this effect did not depend on the permeability of the reagents. 
The addition of NaCl and sucrose raised the medium osmolality to the physiological 
condition reflecting a similar situation to the plasma osmolality during HSW 
exposure. Furthermore, from our MTT assay, the inhibition of the gene expression 
was not due to cell death since the cell viability was over 90% with addition of 100 
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mM NaCl and 200 mM sucrose. 
We have not checked the IGF-I gene expression level in the primary hepatocytes. 
However, several studies found that downregulation of the GHR gene expression was 
accompanied by an inhibition of IGF-I gene expression in primary hepatocytes 
(Beauloye et al., 1999; Brameld et al., 1999). 
Treatment of the hepatocytes with different osmolytes in order to determine the 厂 
f 
mRNA levels of various osmoprotective genes is a common method in mammalian /； 
ff 
>4 
osmoregulation studies. Several gene expression levels are upregulated in liver j 
• I 
•I 
during osmotic stress and they are the taurine transporter (Warskulat et al., 1997), � 
7 
/ 
glucose transporter isoform 1 (Barnes et al., 2002), aldose reductase (Ferrairs et al., \ 
1994) responsible for increasing intracellular compatible osmolytes to balance the 
t 
osmotic stress. Their gene expression levels are elevated, in contrast with our GHR 
expression level. This />/ vitro phenomenon in response to osmotic stress has never 
been reported in teleost liver previously. Nevertheless, //? vivo study did show 
reduction in gene expression level in which Cutler and Cramb (2002) reported that 
the aquaporin 3 gene expression was decreased in eel gill after 1 d exposure to higher 
salinity. The downregulation of the aquaporin 3 gene expression might reduce the 
water loss out of the fish during hyperosmotic environment. The downregulation of 
the GHR gene expression might be due to the inhibition of the biosynthesis of the 
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mRNA or decreased mRNA stability. Treatment with antinomycin of the hepatocytes 
would lead us to know whether the mRNA stability was affected so that we could 
find out the possibility of both transcriptional and post-transcriptional regulation of 
the GHR gene expression. 
4.4.3 Growth retardation offish during hyperosmotic environment 
The physiological significance of the downregulation of GHR in the teleost liver 
is unknown. However, from our in vivo and in vitro results, we could speculate that 
the growth promoting effect of GH might be shifted to other physiological aspects 
for example osmoregulation. Since stunted growth was observed in juvenile coho 
salmon with high plasma GH level but with low hepatic IGF-I mRNA level during 
SW exposure (Duan et al., 1995). From our in vivo results, downregulation of hepatic 
IGF-I gene expression was also observed. Furthermore, Gray et al. (1992) found that 
stunted growth salmon had high plasma GH but failed to grow while the hepatic GH 
binding was lower than the normally growing SW salmon. The growth retardation 
might also be due to the action of glucocorticoid as Kajimura et al. (2003) found that 
administration of Cortisol to tilapia resulted in inhibition of liver IGF-I gene 
expression as well as the plasma IGF-l protein. As mentioned in section 3.4.2, 
Cortisol w o u l d also exert transcriptional regulation o f several genes and the p lasma 
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Cortisol is increased during higher salinity exposure. Cortisol not only increases gene 
transcription, but also suppresses gene transcription by binding to the regulatory 
element called the negative GRE (Schoneveld et al” 2004). 
Although growth retardation phenomenon in salmon is a chronic effect lasting 
for 2 months, we could partly explain the responses of GHR and IGF-I during acute 
HSW exposure. Increase in plasma GH level was observed when teleost was exposed 
to higher salinity environment (Borski et a/., 1994; Drennon et al., 2003; Rydevik et 
a!” 1990; Sakamoto & Hirano, 1991; Tang et al., 2001; Yada et al., 1992). In contrast 
growth inhibition was observed and one possible explanation was the 
downregulation of GHR gene expression, resulting in the inhibition of hepatic IGF-I 
production. The growth-promoting effect of GH was reduced and as we have 
observed different fish species grow in different salinities. The differences in growth 
rates might be due to various expression of GHR, as well as GH binding in liver that 
lead to difiFerent levels of hepatic IGF-I production for growth. This GH resistance 
was also observed when the fish was fasted with elevation of pituitary GH but with 
low liver IGF-I gene expression level (Pierce et al., 2005). In their report, the 
molecular mechanism of GH resistance in salmon hepatocytes was studied by 
measuring the hepatic GHR and IGF-I mRNA levels and it was found that the GHR 
gene expression was stimulated by glucocorticoid but the lGF-1 level was suppressed. 
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The liver IGF-I gene expression was inhibited under HSW exposure, fasting and 
Cortisol administration. However, the GH resistance might be mediated through 
different mechanisms since we observed a downregulation GHR gene expression 
while others showed stimulation of GHR gene expression. The decrease in plasma 
IGF-I protein level might also be due to the changes in the IGF-binding proteins 
(IGFBPs) levels. There are six types of IGFBPs, which are of different molecular 
weights, and they either enhance or inhibit the growth promoting effects of the 
circulating IGF-I (Shimizu et a/., 2005). Duan et al. (1999) suggested that the 
IGFBP-2, with molecular weight of 3 Ik dalton (Da) could inhibit cell growth while 
Shepherd et al. (2005) showed increment of the 21-, 42-, and 50-kDa IGFBPs in 
rainbow trout plasma after higher salinity exposure. Therefore, the decrease in 
plasma IGF-1 level might be due to the increase protein clearance mediated by the 
IGFBPs. The short-term exposure that resulted in the inhibition of GHR and IGF-1 
gene expression levels might be the immediate response prepared for the changes in 
IGFBP levels. After 2 d exposure, the IGFBPs might become the dominant regulator 
of the plasma IGF level so that the IGF-1 gene expression level returned to normal. 
From our results, BW exposure did not cause any change in the GHR as well as 
the IGF-I gene expression level. On the contrary, Deane and Woo (2005) reported 
that the highest gene expression level of the hepatic IGF-I was observed when the 
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black seabream was exposed to 12 ppt environment for 1 month in which the 
environment was isoosmotic to the plasma osmolality. The exposure time was I 
month and this might be true for the long-term benefit since the osmotic gradient was 
small between the external and internal environment so that most of the energy for 
osmoregulation might be spared for fish growth. However, in our short-term 
exposure, the time might be too short to observe this beneficial phenomenon. 
The in vivo and w vitro studies of the GHR gene expression in liver also showed 
physiological regulation during hyperosmotic stress but there was downregulation in 
liver and gill while upregulation in the intestine and kidney. The different patterns of 
alteration of the gene expressions in various organs might be due to alternative 
promoter usages and the following work is to characterize the promoter region of the 
sbGHR geiie. 
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Chapter V Gene expression studies of sbPRLR in gill 
organ culture 
5.1 Introduction 
From Chapter III, in vivo studies of PRLR gene expression were carried out in 
different osmoregulatory organs and we suggested that primary cell culture systems 
could allow us to study the regulation of gene expression more specifically. We 
found that the gene expression was upregulated in gill after 6 h exposure to HSW. 
Subsequently, we tried to demonstrate this in vivo phenomenon in a primary organ 
culture system to investigate the factor(s) that was(were) responsible for the 
alteration in gene expression. 
5.1.1 F'unctions of gill in fish osmoregulation 
The fish gill is an organ that is in direct contact with the external environment 
and it carries out various physiological processes such as gaseous exchange, ion 
balance, acid-base regulation and excretion of nitrogenous waste (Evans et a/., 2005). 
As a result, during salinity changes, the gill filaments would experience different 
osmotic challenges. The presence of CCs that are mitochondria rich would facilitate 
the effective ionic balance due to the action of the NKA, CFTR, NKCC and 
channel. 
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Receptors for different hormones have been identified in the gill, for example 
PRLR (Santos et al.�1999; Tse et al” 2000), Cortisol receptor (Chakraborti et al., 
1987; Sandor et al.�1984), GHR (Tse et al., 2003; Yao et. al” 1991), IGF-I receptor 
(Chan et al., 1997; Nakao et al., 2002), natriuretic peptides receptor (Mishina and 
Takei, 1997) and ANG II receptor (Marsigliante et al., 1997). 
5.1.2 Gill culture as a model for osmoregulation studies 
Two methods have been used for studying the physiological responses of the 
gill in response to changes in salinity: gill epithelial cells and gill filament organ 
culture. The isolation of the epithelial cells was widely used to measure Na" and CI" 
ions flux (Kelly and Wood, 2003) while the use of organ culture was mostly 
employed to study the gene expression after hormones treatment (Deane & Woo, 
2005). 
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5.2 Materials and methods 
Organ culture of the gill filament and RT-PCR 
The method of seabream gill organ culture was based on the one developed by 
McCormick et al. (1989). Fish was killed by decapitation and primary filaments 
were then removed. Gill arch was removed and the gill filaments were rinsed with 
HBSS solution twice. Primary gill filaments were severed just above the septum and 
separated from one another. The gill filaments were placed in L15 medium 
(Invitrogen, Carlsbad, CA, USA) containing 10% FBS and antibiotics. Gill filaments 
were cut into small fragments of similar length (1 cm x 1.5 cm) and were placed on 
a culture 24-well plate immersed with 1 ml culture medium. The gill filaments were 
pre-incubated in this medium in a 20 °C incubator without CO2 for 1 d. 
The gill filaments were incubated in the L15 medium with additional 50, 100, 
and 150 mM NaCl at 20�C for 6 h and were then frozen in liquid nitrogen and 
stored at -80°C until subsequent RT-PCR analysis. 
RNA integrity was checked to ensure the tissue viability and the method was 
described in section 3.2 while the RT-PCR and statistical analysis were also the 
same as described previously. The gill filaments were incubated for 2 d in the LI5 
medium with addition of 150 mM NaCl to assess the RNA integrity. 
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5.3 Results 
The RNA integrity was checked by electrophoresis after incubation of the gill 
filaments with an additional 150 mM NaCl in the LI5 medium for 2 d and it is 
shown in Figure 5.1 and there was no degradation of the RNA sample. 
^ 28srRNA 
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Figure 5.1 Gel photo of the electrophoresis of the RNA sample extracted from the 
gill filaments treated with an additional 150 mM NaCl in the LI5 medium for 2 d. 
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After 6 h incubation of the gill filaments with increasing concentration of NaCl 
in LI5 medium, the gene expression level of PRLR was measured and Figure 5.2 
shows the RT-PCR results. There was a dose dependent effect on the gene 
expression level of the PRLR with increasing concentration of NaCl. Table 5.1 
shows the medium osmolality and the addition of NaCl could mimic the 
physiological situation during hyperosmotic challenges. 
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Figure' 5.2 PRLR gene expression in gill filaments incubated with increasing 
concentration of NaCl in LIS medium for 6 h. 
RT-PCR was performed as described before. Results are normalized by the P-actin 
mRNA level, expressed as relative percentage change compared with the control 
without addition of NaCl (n = 6 wells per treatment). ** P < 0.01 vs control; *** P 
< 0.001 vs control. 
Medium 
L15 with addition of , 
osmolality 
NaCl/mM … … 二  
(mOsm/kg H2O) 
0 301 
50 — 395 “ 
100 — 473 “ 
150 574 -
Table 5.1 LI 5 medium osmolality with addition of NaCl (mM). 
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5.4 Discussion 
From Figure 5.1, there was no degradation of the RNA sample when the gill 
filaments were incubated with high NaCl environment. The viability of the gill 
filaments could also be assessed by NKA enzyme activity, which was also a 
common method to test the responses of the gill filaments (Deane & Woo, 2005; 
McCormick & Bern, 1989; Wood etal.�2002). 
After incubation of the gill filaments for 6 h with 100 mM NaCl in LI5 
medium, we could observe induction of the PRLR gene expression, correlating with 
the in vivo studies. The gene expression level of PRLR in the gill organ culture for 
osmoregulation studies has never been carried out and most studies were focused on 
the expression levels of the NKA a - and p-subunit. 
From the in vivo studies, we found that the gene expression level of PRLR in 
gill was increased after 6 h exposure in HSW, accompanied by an increase in plasma 
osmolality. In comparison with this primary organ culture, the increase in plasma 
osmolality was mimicked by elevation of the medium osmolality with addition of 
NaCl and we thus know that the upregulation of the PRLR gene was due to increase 
in extracellular osmolality. Similar approach on the primary hepatocytes mentioned 
in Chapter IV could be adopted to further investigate the effects of different 
osmolytes on the gene expression. However, from Chapter III, the in vivo studies 
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showed that the PRLR gene expression was also upregulated during BW exposure in 
which the plasma osmolality was only slightly lower than the external environment, 
which resulted in no change in plasma osmolality. Whether this small osmotic 
gradient was enough for the activation of the gene expression or other factors were 
involved is unknown. On the other hand, increase in plasma Cortisol was also 
c o m m o n l y observed during lower salinity exposure and Cortisol was also found to 
mediate several genes transcription (discussed in section 3.4.2 and 3.4.4). Both the 
Cortisol or the change in extracellular osmolali ty could mediate the transcriptional 
regulation and further work could be performed by incubation of the gill filaments 
with Cortisol and NaCl. In addition, dilution of the culture medium would be an 
alternative way to reflect the situation during lower salinity exposure. 
In these studies, the gill organ culture appears to be better than the isolation of 
the epithelial cell culture in some ways. For example, it is easier to perform since 
isolation of different types of gill cells is avoided. Weng et al. (1997) discovered that 
the tilapia PRLR was specifically located in the mitochondrial-rich cells in the gill 
epithelial cells and they were absence from the pavement and the mucus cells. 
Therefore, the gill organ culture could provide a more intact overall gill structure 
and cellular components that resemble those in vivo. 
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Chapter VI Regulation of gene expression of sbGHR 
in liver during hyperosmotic stress: promoter studies 
6.1 Introduction 
The in vivo studies showed that the liver GHR gene expression was 
donwregulated in response to higher salinity. Subsequent in vitro studies confirmed 
that the response could be due to the increase in extracellular osmolality. The 
alteration of the gene expression led us to study the molecular regulatory 
mechanisms and one of the methods is to characterize the promoter of the GHR gene 
in black seabream. 
6.1.1 What is a promoter? 
A promoter is the DNA sequence that is close to the transcription start site of a 
gene and serves to integrate the signals from various cellular pathways to initiate 
specific expression of a gene (Smale & Kadonaga, 2003). A core promoter is a 
binding site for the RNA polymerase and general transcription factors. However, this 
could only provide the basal transcriptional activity and further enhancement of the 
transcriptional activity requires additional short regulatory elements. The elements 
might be close to the core promoter and they are thus called the proximal elements 
while some are several kilo bp away and they are called the enhancers. The 67.v-acting 
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elements are the DNA sequence that are the binding sites for the transcription factors. 
The /ra//.v-acting elements are the transcription factors that bind the DNA sequence. 
The transcription factors help to recruit the basal transcriptional machinery to the 
promoter through protein-protein interaction. Several transcription factors could bind 
to several binding sites of the regulatory regions that span a large region. The binding 
of the specific factors to the regulatory elements might be tissue-specific, 
stage-specific or only responsive to extracellular stimuli (reviewed in Pedersen et al., 
1999). On the other hand, repression of the gene transcription would also occur by 
inhibiting the binding of the transcription factors or presence of the negative 
regulatory elements (Schoneveld et al.�2004). 
6.1.2 Promoter studies of GHR gene 
The 5'-flanking region of GHR gene has been studied in several mammalian 
species, e.g. human (Goodyer et al., 2001; Gowri et al., 2003), murine (Denson el al., 
2001; Schwartzbauer et al., 1998; Yu et al., 1999) and bovine (Jiang et til., 2000; Xu 
et al., 2004). Several transcription factors have been identified in mammalian GHR 
promoters that mediate the transcriptional regulation and they are NF-1 (Zou & 
Menon, 1995), NF-Y and MSY-1 (Schwartzbauer et al., 1998), Spl (Adams, 1999), 
hepatocyte nuclear tactor-4 (Jiang & Lucy, 2001) and chicken ovalbumin upstream 
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promoter transcription factor 11 (Xu et al., 2004). 
On the other hand, in non-mammalian species, few studies have been carried 
out on the GHR gene promoter characterization. Nakao et al. (2004) identified a 239 
bp 5'-flanking region of flounder GHR gene but without any functional 
characterization. Investigation of the promoter would give us more information about 
how the GHR gene expression is regulated during salinity changes. 
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6.2 Materials and methods 
Cloning of sbGHR gene 5'-flanking region 
The isolation of the 5'-flanking region of sbGHR gene was obtained by using 
the Universal Genome Walker ™ Kit (BD Biosciences Clontech, Pala Alto, Ca, USA). 
Five Genome-Walker libraries {Oral, £a)RV,厂v"II and S“d and 6a7l) were 
constructed according to the manufacturer's instructions. Primary PCR was carried 
out using the AP-1 and the gene-specific primer GRW7. The PCR conditions were as 
follows: 3 min at 94 °C for initial denaturation; 30 s at 9 4 � C (denaturation); 
followed by 30 s at 6 2 � C (annealing), and 3 min at 72 "C (extension) for 38 cycles; 
and then 7 min at 7 2 � C tor the final extension. Nested PCR was performed using 
the AP-2 and the gene-specific primer GRW8 under the same conditions except that 
the number of cycles was reduced to 30. The primers sequences used were shown in 
Table 6.1. 
Determination of the transcription start site of the sbGHR gene in the liver by 
5'-rapid amplification of cDNA ends (5'-RACE) 
Total RNA from seabream liver was prepared using the TriPure isolation reagent 
(Roche Applied Science, Basel, Switzerland). First-strand cDNA was synthesized 
from 3 |.ig of the total RNA using GRWl as primer in the reverse transcription 
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reaction. The reaction was carried out at 4 2 � C for 50 min using Superscript™ II 
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). The RNA template was 
subsequently degraded with 1 {.il RNase A (QIAGEN Inc., Valencia, CA, USA; 100 
mg/ml) and 1 Ribonuclease H (USB, USA; 5 U/ul) and the cDNA was purified for 
poly-C tailing at the 5’ end using terminal deoxynucleotide transferase (Invitrogen, 
Carlsbad, CA, USA; 150 U/|al). The poly-C tailed cDNA was amplified in two _ 
I 
rounds of PCR using two sets of gene specific primers (GRWl and GRRl). The ； 
GRWl was used with the AAP in primary PCR with the PCR conditions: 3 min at 94 
for initial denaturation; followed by 30 s at 9 4 � C (denaturation), 30 s at 58 "C 
(annealing)’ and I min at 72 °C (extension) for 36 cycles and finally 7 min at 7 2 � C 
for final extension. Nested PCR was performed using the primers GRRl and AUAP 
under the same condition except the number of cycles was reduced to 32. The PCR 
products were then cloned into pBluescript® II SK+ vector (Stratagene, USA) and 
sequenced. 
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Primer name Primer sequence (5' to 3')  
GRRl GAG GAG GAC GAG ACT GAC ATG ATG 
GRWl AGG AGA AGG AGC AGG AGA TTG GAT G 
GRW7 GAA AAA AAA CTG CAA GGG CAA CGC 
GRW8 CAC ATC ACC CGA ATC ATT TGA GG  
AP-1 GTA ATA CGA CTC ACT ATA GGG C  
AP-2 ACT ATA GGG CAC GCG TGG T  
AAP GGC CAC GCG TCG ACT AGT AC GGG GGG GGG G 
AUAP GGC CAC GCG TCG ACT AGT AC 
Table 6.1 Primers used in cloning of sbGHR gene 5'-flanking region and 5’ RACE. 
Preparation of the sbGHR promoter-luciferase constructs 
The 5'-tlanking region of the sbGHR gene was cloned into the Smal site of the 
pGL3-basic promoterless vector (Promega, Madison, Wl, USA) in both sense and 
antisense orientations to generate the constructs p(-1353/+l 15)Luc and pLuc-R 
respectively. Three 5' deletion constructs of the sbGHR promoter were synthesised 
by PCR method with 3 forward primers (RPFl: 5' — GGT GAG CTC CCG TCTC 
TGT GAA TCA GCA 丁丁 - 3'; RPF2: 5’ - AAT GAG CTC GGC ATG GCA CAG 
ATG AGA GC - 3'; RPF3: 5’ 一 GAA GAG CTC TTT GGC TCT CTC CAC AGA 
GC) and 1 reverse primer (RPT1:5' - GCG AAG CTT CAC ATC ACC CGA ATC 
ATT TG — 3'). 25 ng of p(-1353/+l 15)Luc was used as template for PCR reaction 
and mixed with the primers, dNTP, buffer and Taq polymerase as described before 
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and performed in the following condition: 3 min at 9 4 � C for initial denaturation; 
followed by 30 s at 94 °C (denaturation), 30 s at 5 5 � C (annealing), and 1 min 30 s 
at 72 (extension) for 35 cycles and finally 7 min at 7 2 � C for final extension. 
Using RPFl and RPTl, a PGR product of 1015 bp was obtained. RPF2 and RPTl 
produced a 687 bp PCR product while RPF3 and PRTl produced a 327 bp fragment. 
All the fragments were cloned into the Sacl/HindlU digested pGL3-basic vector to 
generate p(1015)Luc, p(687)Luc and p(327)Luc respectively and the DNA sequences 
were verified by sequencing. All the plasmid DNA used in the present study for 
transfection experiments was prepared using the QIAfilter™ Plasmid Maxi Kit 
(QIAGEN Inc., Valencia, CA, USA). 
Cell culture and transient transfection assay 
The promoter activities of the sbGHR 5'-tlanking region were tested in several 
mammalian cell lines: Caco-2, CHO-Kl, HEK293, HepG2 and NIH/3T3. Several 
fish cell lines were also used: GAKS, Hepa-Tl and ZFL. Caco-2 is a human 
colorectal adenocarcinoma cell line. CHO-Kl is a Chinese hamster ovary cell line. 
HEK293 is a human embryonic kidney cell line. HepG2 is a human hepatocellular 
carcinoma cell line. N1H/3T3 is a mouse embryo fibroblast cell line. GAKS is a 
goldfish scale fibroblast cell line. Hepa-Tl is a tilapia liver cell line. ZFL is a zebra 
fish liver cell line. The GAKS and Hepa-Tl were from the RIKEN, all other cell 
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lines used were purchased from ATCC. The Caco-2, HEK293, HepG2, NIH/3T3 and 
GAKS cells were maintained in Dulbecco's modified Eagle's medium (DMEM; 
Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS and antibiotics while 
the CHO-Kl cells were maintained in Ham's F12K medium supplemented with 10% 
FBS and antibiotics. The Hepa-Tl cells were maintained in Leibovitz's L-15 medium 
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS and antibiotics. The 
ZFL cells were maintained in a mixture of different medium (L-15, 50%; DMEM, 
35%, Ham's F12, 15%) supplemented with HEPES (15 mM), insulin (0.01 mg/ml; 
Sigma), human epidermal growth factor (50 ng/ml; Invitrogen, Carlsbad, CA, USA) 
and 5% heat-inactivated FBS. The Caco-2, CHO-Kl, GAKS, HEK293, HepG2, 
N1H/3T3 cells were cultured at 3 7 � C in a humidified atmosphere of 5% CO2 while 
the Hepa-Tl and ZFL cells were cultured at 2 8 � C without CO2. Transient 
transactions on most cell lines were carried out using the Lipofectamine Reagent 
(Invitrogen, Carlsbad, CA, USA) while the Hepa-Tl and ZFL cells were transfected, 
using the Lipofectamine and the Plus reagents (Invitrogen, Carlsbad, CA, USA). All 
the transfection procedures were performed according to the manufacturer's protocol. 
The cells were seeded onto 24-well tissues culture plates (Ivvaki, Japan) at a cell 
density of 1.5 x 10"^  cells/well 24 h prior to transfection. Using the Lipofectamine for 
transfection in most cell lines, 0.5 |.ig experimental constructs (pGL3-basic, 
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p(-1353/+l 15)Luc and pLuc-R) and 0.05 昭 pRL-CMV vector containing the Renilla 
luciferase reporter gene were cotransfected into the cells in 250 semm-free 
medium. After 5 h of transfection, the transfection medium was aspirated and 
replaced with complete growth medium. After 48 h, the cells were washed with PBS 
and then harvested for luciferase assay by addition of 80 |_il lysis buffer 
(Dual-Luciferase Report Assay System; Promega, Madison, Wl). For the Hepa-Tl 
and ZFL cells, similar transfection procedures were performed except using 0.2 昭 
experimental constructs and 0.2 |ag pRL-CMV vector while the transfection time, 
using Lipofectamine and Plus reagents, was reduced to 3 h. Luminescence was 
measured on a Lumat LB 9501 luminometer (E.G & Berthold, Germany) and the 
activities of both luciferases were measured sequentially from a single sample. The 
promoter activity was normalized against the Renilla luciferase activity and 
expressed as the fold increase relative to the activity of the promoterless pGL3-basic 
vector. In experiments where the effects of different osmolytes (NaCl, sucrose and 
urea) on the promoter activities were studied, both the promoterless (pGL3-basic) 
and the p(-1353/+115)Luc-transfected cells were both treated with the osmolytes. 
The medium was switched to the hyperosmotic medium 24 h after transfection and 
the cells were incubated for further 24 h before performing the luciferase assay. 
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Statistical analysis 
Significance of differences among groups was analyzed by one-way analysis of 
variance (ANOVA) followed by Tukey's test using the computer software PRISM 
(GraphPad Software Inc., San Diego, USA). Differences were considered statistically 
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6.3 Results 
Isolation of the sbGHR gene 5'-flanking region and determination of the 
transcription start site 
From the Genome-Walker libraries, using GRW7 and API for primary PCR; 
GRW8 and AP2 for nested PCR, we have obtained the largest PCR product from the 
/Uc-oRV library and then cloned. After sequencing, a DNA fragment of 1468 bp was 
identified. The transcription start site was determined by 5' RACE, using GRWl and 
AUAP followed by nested GRRl and AAP for PCR and a 115 bp DNA fragment was 
obtained. Figure 6.2 shows the sequence of the 5'-flanking region and the cDNA 
sequence is in boldface. The transcription start site is denoted as + I and the length of 
the 5'-flanking region of sbGHR isolated here is 1353 bp. The 5'-flanking region 
was analysed for putative transcription factor binding sites using TFSEARCH on the 
internet at the following address: http://www.cbrc.jp/research/db/TFSEARCH.htm1 
which searches for sequence fragments vs TFMATRIX, the transcription 
factor-binding site profile database by E. Wingender, R. Knueppel, P. Dietze, and H. 
Karas (GBF-Braunschvveig) (Figure 6.2). 
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Figure 6.1 Identification of the sbGHR gene 5'-flanking region. 
A) Isolation of the 5'-flanking region of sbGHR gene by the Universal 
Genome Walker Kit. Gel photo showing the five Genome-Walker libraries {Dral. 
EcoRV, FvuU and .V///I and 
B) Determination of the transcription start site of sbGHR gene by 5' RACE. 
Resolution of the 5' RACE PCR products on 2% agarose gel is shown. 
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ATCATrnTTAGCTGTTTCrGTTCAGGTGCATTATTC丁GTCCGGGTCCAAGTATGAATTTTTACGGTACATTTTAATGAC - 1274 
CdxA 
AGACGTGCAACITCAGAGCAGCTGGTAAACATAAATGTCAATAGCAAATCGGTGGCAAATCGTAACAGGCTAAC.AA - 1198 
AP-4 
ATAACTIV\CGACAGCATATC'nrACCTAAATAGTCCAAACCCAACT‘AAGAACAATGCTGGTGAAAAAAAATATAT,\TA - 1 1 2 0 
deltaE HSF CF2-I1 
' n ' n T A T C A C A C T - I T A C A G G C A m , G ‘ ‘ V U ; G A A G C G T G G A A A C T G l T C C G T G C r ( A G T T A T T G C T A C A A A A A A A A A A A - 1043 
AACACAAAAAACACAAAAAACGCACGACGGATTTGCTGCGCATCATTATGAATGTGCCACAACCACCGGACTGTTG - % 7 
CAAAGGTAACCAC’AGA(;GCGTCCTTATrCTAGGCTGCAGAACACAAGTCGATTATGGTTATCnTCCC(n’CTTGT(;AA - 8 9 0 
AML-la HSF 
TCAGC A-ITG A A A A AC ACHCCAC ACTCC ATTC AC AC AT AC AC AC ATAC A C T T r n T T T T T C T T T T A C AG TATGTAACC A - 8 1 2 
RAP 
GGACAACTGCAACCCGCATCATACCACCTGGAGClTAAACGTTTTrAAGTGCAATACAGGTTGACGTGTGGATAAGA - 7 3 5 
Nk.\-2 
TCJG ATA/\GGTC} AGO ATGIGGIGGiaQGQGCITIC AGGGITC AGGG A A ACiTAGTG AATGTGATTGGCTrGCCGC AGC -659 
AML-la ADRl NF-kappaB NF-Y 
CAGCCTCAATACCTGATGAAGTATCTTTTCGTATCCAAGTGCGCCACAGGTGTGTCAGTGCGTCTGGCACGCTCCGG - 5 8 2 
NIT2 
ACGCACTGGGCATGGCACAGATGAGAGCGCTCAGCGTC.AAACCATCCACTGTGCACCGTGA, \AAGTAGCGCAGAC - ？07 
AGGACGGATACCGACACTATCATGAACAACATGTTGATATAAACACACACACACACACACAAAT(rrGTTACGCCTAA - 4 3 0 
AT( iCAACTCAGC(;TCTGT(n ,AATGAlTATAAGTCCAC\" \CAGAGACACTAAGATGTTTTGGTnTATGC(:T'nTTGTCCT - 3 5 2 
•I ;AAAAA1\\AAATAA.\A / \GTCACTC}AAAGCCTG1-GTG/VAAAGAAATCTGTCTC1X;ACGCATC(K'TTTA - 2 7 5 
•l/\1GCXKVllX'I-rCCCC\.\l-GATAAATAGCCC\AAl\AAAArGATTA - 1% 
CT/RX;C‘.\GCTACCGGGT(;GTTTTArrTTGGAAG'�n,GGCCCGGCAGTCTCI£gClC;g£:im:£GACTGTCCTCCTCT(iT -119 
MZFl Spl 
GTGGCCATAATGGAGCAC"\TTGGATTGCTGGCC;GATGAGGGCGCCTCACCGCCA'�rTG.V\ACACACACCn,ACnT^^ - 4 3 
1-CC:(nTn-CV\CK:TACCrrAC}CXrrGT(rrA(}CCCCCTGAAAGTGA(X'TTG(;AT^  M6 
STRE 
(:AA(’AGGAX\(;A(:(:(:.\('G,VA(:a:GATTTTTTrTTr(’(:CCC:UX:+rCTC:(:TCAAAT(UrrCG(:(;TavrGT(; I 1 15 
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Figure 6.2 Nucleotide sequence of the sbGHR gene 5'-flanking region. The number 
of the sequence is relative to the transcription start site which is designated as +1 and 
marked with (*). Putative transcription factor-binding sites in the 5'-flanking region 
are underlined and labeled and cDNA sequence is in boldface These transcription 
factor-binding sites were identified using TFSEARCH on the internet at the 
following address: http://www.cbrc.jp/research/db/TFSEARCH.html which searches 
for sequence fragments vs TFMATRIX, the transcription factor-binding site profile 
database by E. Wingender, R. Knueppel, P. Dietze, and H. Karas 
(GBF-Braunschweig). 
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Promoter activities of sbGHR gene 5，-flanking region in different cell lines 
Figure 6.3 shows the promoter activity of sbGHR gene 5'-flanking region in 
mammalian cell lines. The 5'-flanking region exhibited promoter activities in various 
cell lines with higher activities in HepG2 (381.9 土 29.5 %), CHO-Kl (365.8 土 40 %) 
and HEK293 (335.7 ±31 %) than in Caco-2 (270.6 土 12.5 %) and N1H/3T3 (154.5 土 
10.7 %). The pLuc-R is the reverse orientation and the promoter activity was much 
lower than the promoterless, implying that the promoter activities of the 1.4 kbp 
sbGHR 5'-flanking region was orientation specific. 
Several fish cell lines were tested for the promoter activities and Figure 6.4 
shows that the 5'-flanking region exhibited the highest activities in Hepa-Tl cell 
(478.5 土 29 %) among the three fish cell lines tested while the GAKS and ZFL only 
showed relatively low activities (GAKS, 190 士 4.9 %; ZFL, 229.2 士 17 %). The 
reverse orientation construct also showed low promoter activity. 
Since the promoter region was cloned from the gene specific primers designed 
from the sbGHR cDNA sequence isolated from a seabream liver cDNA library, the 
liver cell lines were used for subsequent studies. The HepG2 and Hepa-Tl cell lines 
were chosen as the promoter activities were higher in these cell lines. 
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Promoter activity of sbGHR gene in response to osmotic stress 
The promoter activity was then tested in response to increasing extracellular 
osmolality. Figure 6.5 shows the relative promoter activity in different concentrations 
of NaCl. Addition of 50 and 100 mM of NaCl resulted in reduction of promoter 
activity (84.07 ± 8.64 % and 66.7 土 6.96 % respectively). Further exposure of the 
cells to 150 mM of NaCl caused an inhibition of activity down to 23.2 土 7.9 % as 
compared with the control. 
In the fish Hepa-Tl cells, a similar approach was adopted and the same trend 
was also observed in Figure 6.6. When the cells were exposed to medium with 
additional 50 mM NaCl, there was a slight reduction in the promoter activity (84.14 
土 5.06 %) although it was not statistically significant. Upon exposure to 100 and 150 
mM NaCl, the promoter activity was decreased to 66.59 土 7.28 % and 49.04 土 7.02 
% as compared to the control. MTT assay was also performed on the HepG2 and 
Hepa-Tl cells to assess the cell viability under high osmotic medium. The cell 
survival rate under the experimental condition was higher than 80%. Both addition of 
100 mM NaCl to the mammalian and fish cell lines resulted in about 30% reduction 
of the sbGHR promoter activity. 
Figures 6.7 and 6.8 show the sbGHR promoter activity in HepG2 incubated 
with increasing concentrations of sucrose and urea. When the extracellular 
90 
Chapter VI Promoter studies of sbGHR under osmotic stress 
concentration of sucrose was increased, there was significant reduction of the 
promoter activity with increasing concentration of sucrose concentration. On the 
other hand, urea could not alter the promoter activity at different urea concentrations. 
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Figure 6.3 Promoter activity of sbGHR 5'-flanking region in mammalian cell lines. 
0.5 fig p(-1353/+l 15)Luc constructs were co-transfected with 0.05 |_ig pRL-CMV 
vector in the cells with Lipofectamine. The pLuc-R represents the 5'-flanking region 
inserted in a reverse orientation. Luciferase activities were measured by the 
Dual-Luciferase Report Assay System. Relative promoter activities were represented 
by relative light output normalized to pRL-CMV control and were expressed as 
percentage changes relative to the activities of the promoterless vector (pGL3-basic). 
* /) < 0.05 vs basic; *** P < 0.001 vs basic. 
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Figure 6.4 Promoter activity of sbGHR 5'-flanking region in fish cell lines. 
0.5 jig p(-1353/+l 15)Luc constucts were co-transfected with 0.05 \xg pRL-CMV 
vector in GAKS cells with Lipofectamine while 0.2 |ig was co-transfected with 0.2 
|ig pRL-CMV vector in ZFL and Hepa-T 1 cells with Lipofectamine and the Plus 
reagents. The pLuc-R represents the 5'-flanking region inserted in a reverse 
orientation. Luciferase activities were measured by the Dual-Luciferase Report 
Assay System. Relative promoter activities were represented by relative light output 
normalized to pRL-CMV control and were expressed as percentage change relative 
to the activities of the promoterless vector (pGL3-basic). ** P < 0.01 vs basic; *** P 
< 0.001 vs basic 
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Figure 6.5 Reduction of sbGHR promoter activity by increasing extracellular 
osmolality in HepG2 cells. 
HepG2 cells were transfected with the pGL3-basic and p(-1353/+l 15)Luc constructs 
as described before. Transfected cells were incubated in hyperosmotic medium 
containing 0, 50, 100 and 150 mM of NaCl for 24 h. Luciferase activities were 
measured by the Dual-Luciferase Report Assay System. Each set of assay was 
performed in triplicates and the values are mean values 土 S.E.M. from 5 independent 
sets of experiments. * P < 0.05 vs control; *** P < 0.001 vs control. 
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Figure 6.6 Reduction of sbGHR promoter activity by increasing extracellular 
osmolality in Hepa-Tl cells. 
Hepa-Tl cells were transfected with the pGL3-basic and p(-1353/+l l5)Luc 
constructs as described before. Transfected cells were incubated in hyperosmotic 
medium containing 0, 50, 100 and 150 mM of NaCl for 24 h. Luciferase activities 
were measured by the Dual-Luciferase Report Assay System. Each set of assay was 
performed in triplicates and the values are mean values 土 S.E.M. from 5 independent 
sets of experiments. * P < 0.05 vs control; ** P < 0.01 vs control. 
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Figure 6.7 Reduction of sbGHR promoter activity by increasing extracellular sucrose 
concentration in HepG2 cells. 
HepG2 cells were transfected with the pGL3-basic and p(-1353/+l 15)Luc constructs 
as described before. Transfected cells were incubated in hyperosmotic medium 
containing 0, 150, 200 and 250 mM of sucrose for 24 h. Luciferase activities were 
measured by the Dual-Luciferase Report Assay System. Each set of assay was 
performed in triplicates and the values are mean values 土 S.D. from 2 independent 
experiments. ** P < 0.01 vs control; *** P < 0.001 vs control. 
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Figure 6.8 sbGHR promoter activity in response to increasing extracellular urea 
concentration in HepG2 cells. 
HepG2 cells were transfected with pGL3-basic and the p(-1353/+115)Luc constructs 
as described before. Transfected cells were incubated in hyperosmotic medium 
containing 0，150, 200 and 250 mM of urea for 24 h. Luciferase activities were 
measured by the Dual-Luciferase Report Assay System. Each set of assay was 
performed in triplicates and the values are mean values 土 S.D. from 2 independent 
experiments. 
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Time course study of the sbGHR promoter activity under osmotic stress 
Figure 6.9 shows the preliminary result of the response of the sbGHR promoter 
activity under hyperosmotic stress incubated with different times in HepG2 cells. 
After 3 h incubation with the hyperosmotic medium, the promoter activity did not 
show any change (375.66 ± 27.14 %) as compared with the normal promoter activity 
in isoosmotic medium described before. However, 6 h incubation resulted in 
reduction of the promoter activity (269.67 土 26.74 %) with statistical significance. 
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Figure 6.9 Time course study of the sbGHR promoter activity in HepG2 cells under 
hyperosmotic condition. 
HepG2 cells were transfected with the pGL3-basic and p(-1353/+n5)Luc constructs 
as described before. Transfected cells were incubated with hyperosmotic medium 
with addition of 100 mM NaCl and the cells were harvested at 3 h, 6 h and 24 h. 
Luciferase activities were measured by the Dual-Luciferase Report Assay System. 
Results represent the relative percentage change compared with the pGL3-basic at 
the respective time point, n = 5 wells per treatment and time 0 represents the activity 
under isoosmotic medium. ** P < 0.05 vs time 0 h; *** P < 0.001 vs time 0 h, 
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Identification of the region of sbGHR promoter for osmotic response 
The three 5'deletion constructs of sbGHR promoter were transfected in the 
HepG2 and Hepa-Tl cells and incubated in medium with additional 100 mM NaCl 
and the results are shown in Figure 6.10 and 6.11. From Figure 6.10, p(10l5)Luc 
showed decrease in promoter activity when extracellular osmolality was increased. 
However, further deletion to -572 bp, the response to osmotic stress was lost. Similar 
results were also observed in the Hepa-Tl cells. 
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Figure 6.10 Identification of the region in sbGHR promoter responsible for the 
osmotic response in HepG2 cells. 
Panel A. schematic diagram of the 5’ deletion constructs of sbGHR promoter. Panel 
B. promoter activities of different 5' deletion constructs of sbGHR promoter. HepG2 
cells were transfected with the p(-1353/+115)Luc, p(1015)Luc, p(687)Luc and 
p(327)Luc constructs as described before. Transfected cells were incubated with 
hyperosmotic medium containing 100 mM of NaCl for 24 h. Luciferase activities 
were measured by the Dual-Luciferase Report Assay System. Results represent the 
relative percentage change compared with the pGL3-basic. Each set of assay was 
performed in triplicates and the values are mean values 土 S.E.M. from 5 independent 
experiments. * P < 0.05 vs isoosmotic; ** P < 0.01 vs isoosmotic. Panel C. H/1 
represents the inhibition of reporter gene activity by hyperosmotic stress. 
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Figure 6.11 Identification of the region in sbGHR promoter responsible for the 
osmotic response in Hepa-Tl cells. 
Panel A. Hepa-Tl cells were transfected with the p(-1353/+115)Luc, p(1015)Luc, 
p(687)Luc and p(327)Luc constructs as described before. Transfected cells were 
incubated with hyperosmotic medium containing 100 mM of NaCl for 24 h. 
Luciferase activities were measured by the Dual-Luciferase Report Assay System. 
Results represent the relative percentage change compared with the pGL3-basic. 
Each set of assay was performed in triplicates and the values are mean values 土 S.D.. 
* /) < 0.05 vs isoosmotic; ** P < 0.01 vs isoosmotic. Panel B. H/I represents the 
inhibition of reporter gene activity by hyperosmotic stress. 
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6.4 Discussion 
This is the first report on the identification and characterization of the fish GHR 
gene 5'-flanking region. The promoter activity of the sbGHR gene 5'-flanking region 
was tested in several non-hepatic cell lines (HEK293, N1H3T3, CHO-Kl, Caco-2, 
GAKS) and three liver cell lines: HepG2, Hepa-T 1 and ZFL. From Figure 6.3 and 
6.4, the 5'-flanking region exhibited 4-folcl induction in relative promoter activity in 
the fish Hepa-T 1 cell and a 3-fold increase in the mammalian HepG2 cell. The 
pLuc-R was the 5'-flanking region inserted in a reverse orientation and the promoter 
activities were lower than the promoterless pGL3-basic. The reason might be due to 
the presence of some regulatory factors that could recognize the DNA sequence in a 
reverse orientation manner and the effects were inhibitory. Our fish GHR promoter 
also showed similar promoter activity in liver cell lines as compared with other 
mammalian GHR promoter studies in HepG2 cells. For example, it was found that 
the murine GHR gene promoter activity showed a 5-fold induction (Menon et 
1995). Schwartzbaucer el al. (1998) only demonstrated 2-fold relative promoter 
activity of the 3.6 kbp murine GHR promoter in the normal liver cell (BNL CL.2). 
Although the murine GHR promoter showed low transactivation activity in the 
normal liver cell, the human GHR promoter showed 9-tbld increase in this cell line, 
using only 210 bp of the promoter region (Gowri et al.�2003). For the bovine GHR 
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promoter, several cell lines from different tissues have been tested such as the baby 
hamster kidney-derived cell line BHK-21, the human cervix adenocarcinoma-derived 
cell line HeLa and the human hepatoma-derived cell line PLC/PRJF-5. The relative 
promoter activities in these cell lines ranged from 4- to 6-fold induction (Jiang & 
Lucy, 2001). Several transcription factors have been identified in mammalian GHR 
promoters and they were mentioned in section 6.1.2. After sequence analysis, some 
of these putative transcription factors binding sites were also found in our GHR 
promoter region such as NF-Y (-678 to -666 bp) and Spl (-143 to -131 bp). 
The promoter activities of the 5' deletion constructs were tested under 
isoosmotic condition. The 1.4 kbp fragment showed about 3 to 4 fold increase in 
promoter activity. Deletion of 452 bp from the 5' end resulted in about 50% 
reduction of the promoter activity, implying that some essential regulatory elements 
are present within the -1353 to -900 bp. Upon further deletion of 328 bp, the 
promoter activity was increased to 4-tbld suggesting that there might be some 
negative responsive elements present between -900 to -572 bp since removal of this 
region leads to enhancement of the promoter activity. When the promoter region was 
deleted with 327 bp left, the activity showed only 1-fold increase. This is a rough 
deletion of the promoter region of sbGHR, and further fine deletion have to be 
performed in order to investigate the responsive elements involved. Whether the 
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transcription factor binding sites mentioned in Figure 6.2 work or other unknown 
regulatory elements exist remains fiiither to be investigated. 
The GHR promoter activity in HepG2 and Hepa-Tl was reduced in response to 
increasing extracellular osmolality by addition of NaCl, correlating with our in vivo 
and in vifro data. The GHR gene promoter showed similar response in both the 
mammalian and fish cell lines. Thus, the regulation of the osmoregulatory responses 
of GHR in the mammalian and fish cells might be similar. In fact, HepG2 has been 
used for the promoter studies in osmoregulation. Ruepp et al. (1996) reported a 
2-fold increase in the human aldose reductase gene promoter activity in HepG2 cell 
under hyperosmotic condition while Ito et al. (2004) also demonstrated a 2-fold 
induction of transcriptional activity of the rat taurine transporter gene promoter. 
We could not observe a reduction of the promoter activity with the addition of 
urea. Urea is permeable to the cell membrane while the sucrose and NaCl is not 
freely permeable and causes change in cell volume. Therefore, the transcriptional 
regulation of the sbGHR is not due to the permeability of the reagent used and the 
liver sbGHR gene expression might be regulated by hypertonicity. 
The time-dependent decrease of the promoter activities in response to 
hyperosmotic medium correlated with the in vivo and in vitro studies since both the 
promoter activity started to decrease after 6 h of incubation in hyperosmotic medium 
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and the gene expression levels were also inhibited after 6 h. 
We have generated three 5'deletion constructs to identify the region that 
mediated the osmotic response in HepG2 and Hepa-Tl cells. From Figure 6.10, 
p(1015)Luc also showed inhibition of the promoter activity when 100 mM NaCl was 
added. However, upon further deletion to -572 bp, the response to osmotic stress was 
lost. Therefore, we speculate that the regulatory element is located between -900 to 
-572. After sequence analysis, we found a sequence located at -1084 to -1071 bp 
(TGGAAACTGTT) that resembled the mammalian tonicity-responsive enhancer 
(TonE). 
TonE was found to be the cv-s-acting element responsible for the regulation of 
gene expression in response to osmotic stress. It was firstly discovered in rabbit 
aldose,reductase gene promoter (Ferraris et cil.�1994) and later identified in human 
aldose reductase gene (Reuepp et al., 1996), canine Na'- and CI" -coupled 
betaine/y-aminobutyric acid transporter gene (Miyakawa et al., 1998), rat NHE2 (Bai 
et al.’ 1999), human HSP70 (Woo et al, 2002), human aquaporin-1 gene (Umenishi 
& Schrier, 2002), bovine NaVmyo-inositol cotransporter gene (Zhou, 1999), rat 
aldose reductase gene (Iwata et al.�1997), mouse osmotic stress protein of 94 kDa 
(Kojima et al” 2004), human taurine transporter (Ito et al., 2004) and rat urea 
transporter (Nakayama et al., 2000). These genes are responsible for helping the cells 
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to adjust the intracellular compatible osmolytes in order to regulate the cell volume. 
Nevertheless, there is no report about the TonE in teleost gene promoter. 
Ferraris et al. (1999) summarized some of the TonE identified and arrived at a 
functional consensus for the mammalian TonE 
NGGAAA(A/T)(T/A/G)(C/A/T)(A/C)C(N) located about 1 kbp 5' upstream of the 
gene transcription start site. Moreover, similar consensus sequence was also found by 
another study which was found to be TGGAAAnnYnY (Rim et al., 1998). In the 
sbGHR promoter region, the sequence (TGGAAACTGTT) was located at -1084 to 
-1071 bp, about 1 kbp 5，upstream of the transcription start site. It was similar to the 
consensus of the mammalian TonE except that there is one base difference. In 
mammalian species, there was no study concerning the GHR expression and 
promoter activity in response to tonicity change. We have tried to find out whether 
the TonE consensus exists in some characterized mammalian GHR promoter 
sequences. We could find that a similar sequence CGGAAAAACCC in the human 
GHR promoter (Pekhletsky et a/., 1992) located at -1015 to -1027 bp relative to the 
transcription start site. Furthermore, the sequence TGGAAA can also be found at 
-240 to -235 bp in sheep GHR promoter (Adams, 1995) while TGGAAAGGCCC 
could be found at -484 to -473 bp in bovine GHR IB promoter (Jiang et d.�2000). 
Also, TGGAAAGGTAA at -436 to -426 bp in mice GHR promoter could be found 
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(Moffat et al” 1999). Nevertheless, the action of TonE is usually to upregulate the 
osmoprotective gene expression during hyperosmotic stress but our GHR promoter 
activity was decreased in response to increase in extracellular osmolality. As a result, 
whether the putative TonE in our promoter is the functional one or whether other 
osmotic responsive elements exist remains to be investigated. Site-directed 
mutagenesis of the putative TonE or fine mapping of (-900/-572) region can be 
performed for further investigation. 
After functional characterization of the d�s’-acting element for the osmotic 
response, the /ra/w-acting factor was also discovered and it was the 
tonicity-responsive enhancer binding protein (Miyakawa et al., 1999) and the 
osmotic response element binding protein (Ko et al.�2000). Miyakawa et al. (1999) 
discovered that TonEBP possessed the Rel-like DNA binding domain of the nuclear 
factor of activated T cells (NFAT) transcription factor family and Lopez-Rodriguez et 
al. (2001) showed that NFAT5, one member of the NFAT family, linked the NFAT 
and NF-kappaB/Rel proteins and regulated the production of specific cytokines 
challenged by osmotic stress. In the sbGHR promoter region, a putative transcription 
factor-binding site for the NF-kappaB was also identified located at -712 to -701 bp. 
Ln addition, heat shock transcription factor 1 (HSFl) was also found to mediate gene 
transcription during osmotic stress (Lu et al., 2000) and we also found several 
I 
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putative binding sites for HSF in the sbGHR promoter. In teleosts, Fiol and Kultz 
(2005) have recently identified the osmotic stress transcription factor 1 that was 
upregulated in the tilapia gill after transfer to SW from FW. They showed that the 
protein was osmotic regulated but whether the protein was responsible for the 
transcriptional regulation of other genes remained unknown. 
The promoter studies mentioned in this Chapter confirmed that the regulation of 
the gene expression level of sbGHR in liver was at least in part at the transcriptional 
level via promoter control. Initial investigation showed that the regulation might be 
due to increase in extracellular hypertonicity and the region for regulation of the 
promoter was preliminary identified and located between -900 to -572. From Chapter 
III, we found that the gene expression of sbGHR was also physiologically regulated 
in the gill, kidney and intestine. The sbGHR promoter activity in response to osmotic 
stress could be tested in gill and fish kidney cell lines in order to find out whether 
similar responses were also observed. 
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Chapter VII General discussion and future 
perspectives 
Since teleosts live in different environments, they have developed different 
mechanisms to cope with their osmotic challenges. Therefore, it is not surprising that 
different species of fish display different responses during salinity changes. 
The threat of osmotic problem is common to all lives, from prokaryotes to lower 
eukaryotes and higher eukaryotes (Cohen, 1997). The basic principle in coping with 
osmotic problem is common and that is through adjustment of intracellular 
compatible osmolytes (Kultz & Csonka, 1999). Different organisms use different 
osmolytes. For example, the major osmolyte in yeast is glycerol (Hohmann, 2002). 
The prominent one in bacteria is potassium ions while in higher vertebrates such as 
mamnaals, a wide variety of osmolytes such as urea, glycine betaine are used (Kultz 
& Csonka, 1999). As mentioned in section 6.4, the transcriptional regulation of 
osmotic response in mammals is mediated by the TonE or the ORE. In other 
organisms, the transcriptional regulation was also characterized such as the stress 
responsive element in yeast (Chen et al., 2003) and the KdpE site in bacteria 
(Treuner-Lange et al., 1997). 
In mammalian species, the kidney is the main organ for the regulation of water 
homeostasis and the major hormones involved are the ANG II, aldosterone and 
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vasopressin (Ganong, 1999). The osmoregulatory roles for GH and PRL in mammals 
are smaller. Since the terrestrial animals have evoluted from aquatic lives and during 
their evolution, several adaptive mechanisms for body regulation were developed. 
The mammals have developed a well-organized system for coping with desiccation 
and maintaining constant body fluid and they are less affected by the external 
environment (Taket, 2000). On the other hand, fish is always in direct contact with 
the aquatic environment, thus either high or low osmotic environment would pose 
serious problems on them. Since fish are lower vertebrates, GH and PRL might retain 
some of the original functions of the hormones such as osmoregulation, while these 
functions might be lost during the course of evolution for the terrestrial lives. 
The responses of fish to changes in salinities could be very fast, in a matter of a 
few minutes or hours, since it was found that the TonEBP was phosphorylated and 
translocated to the nucleus after 30 minutes exposed to hypertonicity (Lee et al., 
2003). The immediate response to salinity changes involves increase in gill CC NKA 
activity within 30 minutes (Marsigliante et al., 1997). These responses could increase 
CI" secretion and are mainly regulated by the ANG II and ANP (Sakamoto et al., 
2001). On the other hand, for long-term regulation, in terms of days to weeks, as 
mentioned in section 1.5, there is increase in the CCs number as well as their sizes 
(Laiz-Carrion et cil.�2005). The gene expression levels were also altered such as 
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NKA a-subunit (Seidelin et al., 2000), CFTR (Scott et a!.，2004) and HSP 70 (Deane 
& Woo, 2004). These involved many cellular events such as transcriptional 
regulation, cell proliferation as well as cell differentiation. GH and PRL have been 
demonstrated to mediate these diverse cellular events (mentioned in section 1.8 and 
1.9). Therefore, in long-term regulation, the growth, energy metabolism and 
reproductive functions offish are also affected due to the participation of the GH and 
PRL. The protein and gene expression levels of GH and PRL are demonstrated to 
respond to salinity changes (mentioned in sections 3.1.1 and 3.1.2). From our work, 
we also found that the GHR and PRLR gene expression respond to salinity changes. 
The modulation of the gene expression levels of the receptors during salinity changes 
would facilitate the diverse action of GH and PRL. 
Jhe work mentioned in this thesis gives some initial observations of how the 
fish adapt to a changing environment and many follow-up studies could be carried 
out. We have observed that the expression of sbGHR and sbPRLR are both 
physiologically regulated in response to salinity changes. We also believe that the 
pituitary GH and PRL gene expression would also respond to salinity changes. As 
mentioned before, in vitro assay by incubation of the pituitaries with hyperosmotic or 
hypoosmotic medium could give us insight into whether the extracellular osmolality 
is the major effector. Since the main purpose of this project is to characterize the 
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regulatory mechanisms during salinity changes, therefore cloning of the sbGH and 
sbPRL promoter regions would be an obvious objective. Nevertheless, the cell line to 
be used could be a problem. Only a few pituitary cell lines are commercially 
available and they are cell from mammalian species. Since using a heterlogous 
system in studying a fish gene promoter is not the best method. Therefore, 
development of a seabream pituitary cell line would be necessary for further studies. 
Alternatively, performing primary pituitary cell transfection of the reporter constructs 
could be attempted. The osmotic responsive element in the GH and PRL promoters 
could be identified by studying the promoter activities in the pituitary cell lines 
incubated in a hypo- and hyper-osmotic medium. 
The purification of the /ra/w-acting factor(s) that is(are) responsible for the 
osmotic response would also be an interesting follow-up work. Since the TonEBP or 
the OREBP has been purified from mammalian species, it would be very interesting 
if we could also identity similar factors in teleosts. Miyakawa et al. (1999) 
discovered that the amino acids sequence near the N terminus of the human TonEBP 
displayed significant similarity to the Rel-like DNA binding domain of the NFAT 
transcription factor family. Furthermore, it was found that the expression of the 
NFAT was not only found in the kidney, but also in other tissues as well as the liver, 
brain and lymphoid tissues (Go et al., 2004). This suggested a broader biological 
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roles of the TonEBP in different tissues. The interaction between the transcription 
factors and the regulatory DNA elements responsible for the osmotic response could 
be demonstrated by gel mobility shift assays. Furthermore, the yeast-1-hybrid could 
help us to identify the /ra/w-acting elements. 
The signaling pathways that lead to gene expression are also conserved from the 
yeast to mammals. In yeast, the high-osmolality glycerol kinase is found to be the 
signaling control of osmotic stress while in mammals, the mitogen-activated protein 
kinases (MAPK) consisting of the extracellular-signal-regulated kinases, the c-jun 
N-terminal kinase and p38 kinase, are the major regulators (reviewed in 
Sheikh-Hamad & Gustin, 2004). Apart from MAPK, other signaling molecules are 
found to involve in signal tranduction during osmotic stress such as the 
ataxia-telangiectasia mutated kinases (Zhang et al.�2005), serum- and 
glucocorticoid-inducible protein kinase (Sgk) (Bell et al., 2000), protein kinase A 
(Ferraris et al.�2002) and Fyn, a shrinkage-activated tyrosine kinase (Ko et al., 2002). 
The signaling molecules mentioned above are those that mediate the transduction of 
hypertonic stress while under hypotonic stress, the MAPK family also plays similar 
role in the signal transduction in rat liver (Kim et al., 2000) and the Sgk is another 
signal transducer (Rozansky ct a/., 2002). The activation of these signaling 
molecules would regulate the phosphorylation of the OREBP/TonEBP. The 
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phosphorylateci OREBP/ToaEBP would be translocated to the cell nuclues and bind 
to the regulatory elements on the promoter regions of the target genes. Upon 
hyperosmotic stress, the phosphorylated OREBP/ToaEBP was found to be mainly 
localized in the cell nucleus and regulated target genes expression (Woo et al., 2000). 
In fish, Kultz and Avila (2001) also reported that the MAPK family responded 
to salinity changes in the fish gill by in vivo studies while Marshall et al. (2005) 
demonstrated the involvement of MAPK by in vitro gill cells during hypo- and 
hyper-osmotic stress. Apart from the MAPK family, whether other signaling 
molecules mentioned above are also involved is still unknown. 
We found that the GKR and PRLR gene expression levels in different organs 
were altered when seabream were exposed to different salinities. On the other hand, 
the gene expression levels of GH and PRL also respond to salinity changes. Our 
future goal is therefore to characterize the pro rioter regions of the four target genes 
(GH, PRL, GHR and PRLR) and to identify the cis- and /ra;75-acting elements 
responsible for the osmotic response. We hope to find out the coordinated molecular 
regulatory mechanisms of the GH/PRL system among different organs in euryhaline 
teleost during salinity changes. This would allow us to explore the adaptation 
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